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THE DESIGN AND PERFORMANCE OF A 3 KW CONCENTRIC TUBE RESISTOJXT 

by R. J. Page and R. A. Shor t  

The Marquardt Corporation 

I. SUMMARY 

R e s u l t s  a r e  repor ted  on the  design, f a b r i c a t i o n  and t e s t i n g  of a 3 kw 
concent r ic  tube R e s i s t o j e t  using hydrogen a s  a p rope l l an t .  
design was t h a t  of an e a r l i e r  30 kw u n i t  s u c c e s s f u l l y  t e s t e d  f o r  t h e  A i r  Force. 

The b a s i s  of t h i s  

Performance during a 25-hour t e s t  was an observed s p e c i f i c  impulse of 828 
seconds and a measured t h r u s t  of 65.7 grams fo rce  f o r  3.04 kw of  e l e c t r i c  power 
input .  The o v e r a l l  e f f i c i e n c y ,  which includes t h e  input  power of t h e  gas was 
77 pe rcen t .  
pheres  and a gas temperature of 2417 degrees Kelvin. 

The t h r u s t  s t agna t ion  condi t ions were a pressure  of 8.8 atmos- 

The h e a t  exchanger (4  cm diameter x 14 cm long o v e r a l l )  c o n s i s t s  of 
e l even  c y l i n d r i c a l ,  tungsten elements of - 0.01 mm, o r  g r e a t e r ,  wal l  t h i ck -  
ness .  
hea ted .  

The c e n t r a l  nine of t hese  are  connected i n  s e r i e s  and e l e c t r i c a l l y  

A tungsten vapor depos i t ion  process was used which pe rmi t t ed  element 
shapes of t h e  d e s i r e d  s p e c i a l  geometries. 
n i t r i d e  i n s u l a t o r  o r  element support  which w a s  l o c a t e d  i n  a r e l a t i v e l y  cool  
s i t e  favor ing  a long se rv ice  l i f e .  

This made p o s s i b l e  a s i n g l e  boron- 

The hea t  exchanger e f f i c i ency ,  THH, t h a t  i s ,  the  f r a c t i o n  of t h e  t o t a l  
power which is  de l ivered  i n  the  hydrogen p r o p e l l a n t  t o  t h e  nozzle entrance,  
was measured t o  be - 0.9. 
where the  geometr ical  a r ea  r a t i o  was 191. 
o p e r a t i n g  a t  a t h r o a t  Reynolds number of  3750, based on a diameter of 0.747 mm, 
were found t o  be small. 

The nozzle energy e f f i c i e n c y ,  TN was - 0.86 
Viscous l o s s e s  i n  t h e  nozzle,  

The engine t h a t  was performance-tested a t  Marquardt has been d e l i v e r e d  
t o  t h e  L e w i s  Research Center, NASA, f o r  endurance t e s t i n g .  

Perhaps the  most important f ea tu re  of t h e  concent r ic  tube dcsidn ir, th,t 
t h e  maximum temperature of t h e  hea t ing  element is only s l i g h t l y  above t h e  
maximum gas temperature because of t he  l a r g e  h e a t  t r a n s f e r  a r ea  ava i l ab le .  
"his provides f o r  long engine l i f e  due t o  low tungsten subl imat ion r a t e s .  

* Contract  AF33 (616) -8377 
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11. INTRODUCTION 

* The R e s i s t o j e t  i s  an e l e c t r i c a l l y  hea ted  rocke t .  I ts  ex i s t ence  is made 
p o s s i b l e  by the unique high-temperature c a p a b i l i t i e s  of  t h e  r e f r a c t o r y  metals  
and hydrogen. 
exchanger and nozzle.  
mum p rope l l an t  i n  t h i s  a p p l i c a t i o n .  

I n  p a r t i c u l a r ,  tungs ten  can be used f o r  a Joule-hea ted  hea t  
The low molecular weight of hydrogen makes it t h e  o p t i -  

Spacecraf t  mission s t u d i e s  conducted by Government and i n d u s t r y  groups 
have revea led  a number of very a t t r a c t i v e  
s i o n  ranging from e a r t h  s a t e l l i t e  l i f t i n g  t o  s t a t i o n  keeping and a t t i t u d e  
c o n t r o l .  
The comparative propuls ion weight summary of  those  s t u d i e s  is shown i n  f i g u r e  1. 
Consequently, s u b s t a n t i a l  r e sea rch  and development support  f o r  t h e s e  devices  
has  been provided by both  NASA and the  A i r  Force dur ing  t h e  p a s t  s e v e r a l  years .  

a p p l i c a t i o n s  fo r  R e s i s t o j e t  propul-  

The MORL s t u d i e s  a r e  an example of such a promising a p p l i c a t i o n  ( r e f  .1). 

The e a r l y  R e s i s t o j e t  work ’was p r imar i ly  undertaken a t  two l a b o r a t o r i e s ,  
ASTRO, of  The Marquardt Corporation and L e w i s  Research Center ,  NASA. The f i rs t  
openly-published re ference  t o  t h e  concept was given by Jack (ref. 2)  i n  Decem- 
ber 1960. Howard ( r e f .  3 ) ,  working concurren t ly ,  publ i shed  e a r l y  t e s t  r e s u l t s  
i n  October, 1961. 
Usin 
2730 K a t  h e a t e r  e f f i c i e n c i e s  of 868 i n  t h e  30 kw c l a s s .  
i n i t i a t e d  work a t  Marquardt began i n  May, 1961, which was repor t ed  by  Howard 
( r e f .  4).  La ter ,  Jack r epor t ed  a d i f f e r e n t  h e a t  exchanger concept ( r e f .  5 ) ,  
us ing a tungsten wire c o i l ,  wi th  e a r l y  experimental  r e s u l t s .  

Both designs employed concent r ic  tube h e a t  exchangers.  
h drogen as a p rope l l an t ,  Howard r epor t ed  temperatures  i n  excess  of Q Y  The A i r  Force- 

Since t h a t  time, a number of groups began work on R e s i s t o j e t s .  Many 
d i f f e r e n t  approaches have been s tud ied .  
on a 30 ki lowat t ,  concent r ic  tube R e s i s t o j e t ,  i n  which t h r u s t  measurements 
were made i n  a near-vacuum, w a s  r epor t ed  by Page 
impulse was 860 seconds a t  an o v e r a l l  power e f f i c i e n c y  of 0.81. Plasmadyne 
s t a r t e d  wi th  an e l e c t r i c a l  con tac t  r e s i s t a n c e  concept,  whereby hydrogen was 
hea ted  as it passed through t h e  rough i n t e r f a c e  between tungs ten  p l a t e s .  
The design l a t e r  incorpora ted  concent r ic  tube f e a t u r e s ,  Todd ( r e f .  7).  
r epor t ed  by Bennett (ref. 8),  employed s e v e r a l  hea t ing  techniques ,  s e t t l i n g  
on t h e  tungsten wire h e a t e r .  More r e c e n t l y ,  John ( r e f .  9)  r epor t ed  work on 
small (of the  o r d e r  of watts) R e s i s t o j e t s ,  us ing  a s i n g l e  tube  design.  
E l e c t r i c  chose the  thermal s to rage  technique f o r  pu lsed  mode opera t ion .  
Technology Laboratories i s  now planning t o  apply  a low-powered R e s i s t o j e t ,  
us ing n i t rogen ,  on the  nuc lear  d e t e c t i o n  s a t e l l i t e .  

The r e c e n t  Marquardt-Air Force work 

( r e f .  6 ) .  The s p e c i f i c  

AVCO, 

General 
Space 

The objec t  of t h e  cu r ren t  program, r e p o r t e d  he re ,  was t o  develop a 
R e s i s t o j e t  i n  t h e  3 kw s i z e  from the  concen t r i c  tube R e s i s t o j e t  technology 
resulting from the  Air Force Program, Page (ref. 6) .  A number of s i g n i f i c a n t  
design improvements have been incorporated.  
i ng  of  t h e  3 kw engine.  

Figure 2 shows a s e c t i o n a l  draw- 

2 



40,00( 

J 

30,00( 

10,00( 

5,00( 

IS OF ALL 1 1 .  RESUPPLY QUANTIT 
PROPELLANTS ARE FOR EQUAL 

2. ONE MONTH PROPELLANT SUPPLY 
I /  IMPULSE 

1 I S  INCLUDED WITH INITIAL LAUNCH Kfl 3. REACTIVE GASES ARE TRANSPORTED 

V I  A S  CRYOGENICS, STORED ON MORL 
AS GASES 

I 
I SUPPLY IS  2 kw I 

4. RESISTOJET SOLAR CELL POWER 

I 

0.5 1.0 1.5 2.0 2.5 

WEIGHT COMPAR I SON OF PROPULS I ON SYSTEMS 

TIME IN ORBIT, yr 

R-19,991 3 Figure 1 



%trymrdf COR W R  A TION V A N  NUVS.  CALIFORNIA 

3 KW CONCENTRIC TUBE RESISTOJET 

r 
I I I ,  

L J \ 

7 .- 
I 

L 1' 
I 

1 

R-19,004A 

@ 
@ 

@ N I T R I D E  

@ 

@ 
@ 
@ 
@ 

12R HEATED EXCHANGER TUBES ( Y l  -TUNGSTEN 

REGENERATIVELY-COOLED SHIELDS 131 - TUNGSTEN 

HEAT EXCHANGER SUPPORT (ELECTRICAL INSULATOR1 - BORON 

NOZZLE R A D I A T I O N  SHIELD - TUNGSTEN 

FORWARD PRESSURE CASE - MOLYBDENUM - 0.5% T I T A N I U M  

AFT PRESSURE CASE - TUNGSTEN - 2% THORIA 

ELECTRICAL INSULATORS - BORON N I T R I D E  

METALLIC FACE SEALS 121 ~ INCONEL X ~ SILVER-PLATED 

---I- 

C 

@ ELECTRICAL ( + I ,  PROPELLANT FEEDER,THRUSTOR SUPPORT 
MOLYBDENUM - 0.5% T I T A N I U M  

ELECTRICAL ( - 1 ,  PROPELLANT FEEDER,THRUSTOR SUPPORT 
@ TUNGSTEN - 2% THORIA 

($ 
@ 
@ THERMAL I N S U L A T I O N  - DYNAQUARTZ 

@ THERMAL INSULATION - M 1 N - K - m  

@ CASE -321 STAINLESS STEEL 

T I E  BOLTS - M O L Y B D E N U M  - 0.5% T I T A N I U M  

COLLARS (21 - MOLYBDENUM - 0.5% T I T A N I U M  

Ficur'e 2 



* Haryuardf CORfYlRATlON V A N  NUVS. C A l I F O # N I A  

111. DESIGN BASIS 

The a n a l y t i c a l  b a s i s  f o r  t h e  t h r u s t o r  design,  the  d e s c r i p t i o n  and per- 
formance of which is  given i n  Sect ions I V  and V, is developed i n  t h i s  s ec t ion .  

From a n  energy flow viewpoint, t he  R e s i s t o j e t  involves  t h r e e  energy forms: 
e l e c t r i c a l ,  thermal and mechanical, i n  t h a t  order .  The first conversion is  by 
Jou le  ( r e s i s t a n c e )  hea t ing ,  genera l ly  a n  e f f i c i e n t  and e a s i l y  achieved process.  
The second, t h a t  of e f f i c i e n t l y  convert ing the  thermal energy of t h e  gas i n t o  
d i r e c t e d  k i n e t i c  energy (hence t h r u s t ) ,  is accomplished wi th  some g r e a t e r  
d i f f i c u l t y .  The s i m p l e  appearance of t h e  nozzle  is decept ive ,  as t h e  o v e r a l l  
e f f i c i e n c y  of  t he  R e s i s t o j e t  under c e r t a i n  circumstances can be dominated by 
t h e  nozzle  process.  For t h i s  reason, t he  parameters which a f f e c t  i t s  perfor-  
mance a r e  considered f i r s t .  

A .  Overal l  Energy Flaw Processes 

F igure  3 summarizes the  o v e r a l l  energy flow process .  T h i s  f i g u r e  i l l u s -  
t rates the  uagnitude and sequence of t h e  loss  mechanisms. It f u r t h e r  shows 
t h e  r e l a t i o n s h i p  t o  experimental  measurements. The "stream" widths  have been 
made t o  correspond t o  measurements made f o r  Poin t  35. 

B. Gas Dynamics 

The design of a low t h r u s t  nozzle involves  minimizing t h e  n e t  l o s s e s  
con t r ibu ted  by the  fo l lowing  f a c t o r s :  

a )  viscous d i s s i p a t i o n  o r  f r i c t i o n  
b )  l a c k  of complete recombination 
c )  
d )  
e )  

hea t  t r a n s f e r  l o s s e s  from the  propel lan t  p r i o r  t o  expuls ion 
momentum l o s t  perpendicular  t o  t h e  t h r u s t  d i r e c t i o n  
incomplete expansion i n  a f i n i t e  nozzle 

The f i rs t  t h r e e  lo s ses  a r e  size-dependent, being g r e a t e r  f o r  small th rus -  
t o r s .  When and t o  what e x t e n t  these t h r e e  f a c t o r s  become important is s t i l l  a 
matter of cu r ren t  research .  

The lo s s  con t r ibu t ion  by each cannot be e a s i l y  combined t o  g ive  a ne t  per- 
formance f i g u r e .  
i n g  formula was used:  

However, f o r  a bas is  of es t imat ion  and accounting, t h e  follow- 

The con t r ibu t ing  f a c t o r s  t o  o v e r a l l  e f f i c i e n c y  do i n t e r a c t .  An example 
of t h i s  i s  t h e  e f f e c t  of t h e  viscous on t h e  f rozen  flow l o s s e s .  An over- 
e s t i m a t i o n  of f r i c t i o n  loss  causes t h e  chamber temperature required t o  be 
ca l cu la t ed  t o o  high f o r  a given s p e c i f i c  impulse. 
f r o z e n  f l o w  loss  estimate. 
estimates. 

This  i n  t u r n  increases  the  
This  was, i n  f a c t ,  t h e  case wi th  the  o r i g i n a l  design 
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The loss d i s t r i b u t i o n  presented then  is based upon the  experimental  v a l u e s  
of o v e r a l l  nozzle performance a t  Point 35. The observed s p  c ' f i c  i m p u l s e  i s  
828 seconds which c o r r e c t s  t o  a vacuum v a l u e  of 838 seconds fl? . 

1. Frozen Flow Losses.-  In  nozzle experiments a t  Marquardt, O s w a l t  and 
Widawsky ( r e f .  lo), t h e  performance with hydrogen w a s  found t o  be  c l o s e l y  
approximated by equi l ibr ium flow t o  the t h r o a t  and subsequent f rozen  flow 
t h e r e a f t e r .  I n  any event ,  even assuming completely f rozen  flow from chamber 
condi t ions  a t  the  temperatures required t o  demonstrate a s p e c i f i c  impulse of 
828 seconds (24lT0K), the f rozen  flow e f f i c i e n c y T F  i s  h i zh ,  namely 0.98 (Spisz ,  
r e f .  11). T h i s  favorable  r e s u l t  i s  i n  p a r t  d u e  t o  the high chamber pressure 
s e l e c t e d .  

2. Incomplete Expansion.- The e f f e c t  of incomplete expansion t o  a 
vacuum with hydrogen under f rozen  flaw condi t ions  has been tabula ted  by Spisz  
( re f .  11). 
exac t  v a l u e  depending on t h e  a c t u a l  e f f e c t i v e  a r e a  r a t i o .  A geometric a r e a  
r a t i o  of  191 was used on t h i s  program i n  l i g h t  of the  small viscous lo s ses .  

T h i s  g ives  a n  expansion e f f i c i ency ,  TE of approximately 0,94; the  

3. Divergence Losses. - The divergence, or  sometimes ca l l ed  "cosine" 
l o s s e s ,  have  been est imated by severa l  i n v e s t i g a t c r s .  Under the  assumption 
of s p h e r i c a l  flow from a source such as Sut ton  ( r e f .  12), a loss of TD = 0.953 
is  es t imated  f o r  t h e  included h a l f  anzle of 17.8". 
a cos ine - l ike  ve loc i ty  p r o f i l e  produces a divergence e f f i c i e n c y  of 0.97. The 
a c t u a l  case i n  l i g h t  of experimental  ve loc i ty  p r o f i l e s  ( r e f .  8) is somewhere 
between t h e  two, o r  say - 0.96. 

P i t k i n  ( ref .  l 3 ) ,  assuming 

4. Heat Transfer  Losses.- Radiant heat l o s s e s  from the  nozzle were 
measured t o  be n e g l i g i b l e .  Any convective l o s s e s  were re turned  t o  the  heat 
exchanger element. This  term w a s  ignored. 

5. Viscous Losses.- The o r i g i n a l  viscous loss es t ima tes  were based upon 
The experimental  c o e f f i c i e n t s  t h e  viscous nozzle s t u d i e s  of P i t k i n  (ref. 14) .  

u s e d  i n  t h a t  a n a l y s i s  were based upon t h e  da t a  of T i n l i n g  ( r e f .  15), which is 
c u r r e n t l y  undergoing re -eva lua t ion .  

The cu r ren t  program results ind ica t e  t h a t  t he  viscous l o s s e s  a r e  not  
severe .  The Reynolds number based upon t h r o a t  diameter was 3750. 

The ca l cu la t ed  viscous lo s ses  on t h e  basis of a boundary l a y e r  and inv i sc id  
core  g ive  TV = 0.95. 
r e su l t s  by the  d i f f e rence  method which g ives  0.99. However, the  t o t a l  
experimental  e r r o r  i s  prominent i n  t h i s  d i f f e rexce ,  so  no g r e a t  q u a n t i t a t i v e  
confidence can be placed i n  its value. In  summary, the  var ious loss f a c t o r s  
t h a t  con t r ibu te  t o  nozzle e f f i c i ency  are shown as table I. 

This i s  lower than  t h a t  ca l cu la t ed  from the  experimental  

71) See page 62 f o r  co r rec t ion  to space vacuum opera t ion .  This  c o r r e c t i o n  w a s  
necessary  here t o  account properly ' fo r  the  l o s s  d i s t r i b u t i o n .  

7 
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TABLE I.- Es t ina t ed  Nozzle Loss D i s t r i b u t i o n  (Data Poin t  35) 

Frozen flow 9.38 

Divergence 10s ses - 9.96 

Incomple t e  expans ion - 0.94 
F r i c t i o n  9.99 

Overa l l  Nozzle 9.88 

6. Nozzle Geometry.- Based  upon the  nozzle s t u d i e s  of P i t k i n  ( r e f .  1 4 ) ,  
t he  nozzle  of the geometry shown i n  f i g u r e  4 was chosen. 

The nozzle  discharge c o e f f i c i e n t ,  CD, which r ep resen t s  t he  e f f e c t i v e  t o  
geometric t h r o a t  area r a t i o  w a s  taken from Simmons ( r e f .  16). 
was est imated t o  be 0.91. 

The c o e f f i c i e n t  

C .  Heat T rans fe r  

1. Heat Exchanger.- The temperature d i s t r i b u t i o n  and t h e  hea t  f low 
through the  hea t  exchanger were ca l cu la t ed  f o r  t h e  30 lw n e s i s t o j e t  using a 
thermal  ana lyze r  program. 
solved a thermal  r e s i s t a n c e  network of some 201) nodes f o r  a l l  t h r e e  hea t  t r a n s -  
f e r  modes ( r e f .  4). 
not  poss ib le ,  t he  program o f f e r s  a good approximation of t h e  temperature d i s -  
t r i b u t i o n  through t h e  t h r u s t o r .  I n  view of t he  s i m i l a r i t y  of t h e  3 and 30 lcw 
engines ,  a complete 3 liw a n a l y s i s  w a s  not necessary.  
a n a l y s i s  were modified t o  account for t h e  d i f f e rences  i n  s i z e ,  i n s u l a t i o n  and 
s h i e l d i n g  between t h e  two engines .  

This  program, w r i t t e n  f o r  t h e  IBM 794 computer, 

Although an  exac t  s o l u t i o n  t o  t h e  R e s i s t o j e t  problem is 

The resul ts  of t h e  30 ktr 

F igure  5 shows t h e  estimated temperature d i s t r i b u t i o n  of t h e  success ive  
The tungs ten  elements and t h e  hydrogen temperature from i n l e t  t o  d ischarge .  

a b s c i s s a  is presented i n  terms of pass lengths .  
changer element is  presented twice as it rep resen t s  t he  inne r  wall on t h e  
i n i t i a l  pass and the  ou te r  wall on t h e  succeeding pass of t h e  hydrogen. 

Note t h a t  a given hea t  ex- 

The flow throughout t he  hea t  exchanger is laminar.  I n  t h e  first pass  
the  Reynolds number i n  1750, and a t  e x i t  j u s t  p r i o r  t o  t h e  nozzle  en t rance ,  i t  
is  600. 
the  Mach number i s  very low, namely - 0.014. 

The maximum v e l o c i t i e s  are luw, approximately 50 meters pe r  second; 

Some of t h e  parameters of i n t e r e s t  wi th  regard t o  t h e  hea t  exchanger a r e  
s h a m  i n  table 11. 
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A s i g n i f i c a n t  c h a r a c t e r i s t i c  of t h e  s o l u t i o n  i s  t h a t  t he  gas approaches 
t h e  maximum wall temperature r equ i r ing  l i t t l e  over-temperature,  as was exper i -  
mental ly  ve r i f i ed  ( r e f .  17). This is one of t h e  d e f i n i t e  advantages of t h e  
concent r ic  tube design, i n  t h a t  a h ighe r  s p e c i f i c  impulse may be achieved at 
l e s s  expense i n  terms of engine l i f e .  

2. Insu la t ion . -  In  the  30 kw design,  t h e  hea t  l o s s e s  from the  engine 
case amounted t o  about 5s  of t he  input  power. On t h e  3 kw design,  however, 
t h e  e x t e r i o r  radiating a r e a  is not  apprec iab ly  smal le r ,  y e t  t he  ope ra t ing  
temperature would be expected t o  be similar. This would mean t h a t  a l a r g e r  
percentage of the input  power would be l o s t  by r a d i a t i o n  from t h e  o u t e r  s h e l l .  
Radiat ion s h i e l d s  around t h e  hea t  exchanger and a t h i c k  l a y e r  of i n s u l a t i o n  
around the  pressure case were provided t o  reduce these  lo s ses  ( see  f i g .  2 ) .  
The inne r  i n s u l a t i o n  assembly c o n s i s t s  of Dynaquartz, which has a thermal  con- 
d u c t i v i t y  of 1.7: x 10-3 watt/cm°C and a maximum temperature c a p a b i l i t y  of 
1510°C.  The e x t e r i o r  l a y e r  of Elin-K 2000 possessed a lower thermal conduct iv i ty  
one-third t h a t  of Dynaquartz, bu t  was l i m i t e d  t o  use i n  the  regions where Less 
than  1093°C was an t i c ipa t ed .  The o v e r a l l  hea t  loss from the  engine was calcu-  
l a t e d  t o  be 10$ of t he  appl ied power. 
The conductive heat t r a n s f e r  through t h e  i n s u l a t i o n  compared c l o s e l y  wi th  the  
ca l cu la t ed  r a d i a t i o n  loss from t h e  o u t e r  s t a i n l e s s  s t e e l  s h e l l .  

This  was v e r i f i e d  i n  subsequent t e s t i n g .  

An i n t e r e s t i n g  f e a t u r e  is  t h a t ,  a l though t h e  power i s  generated p r i m a r i l y  
i n  t h e  sma l l e s t  tubes,  it is  t r a n s f e r r e d  t o  t h e  gas t o  t h e  g r e a t e s t  e x t e n t  i n  
the  f irst  f e w  passes.  
d i r e c t i o n .  L i t t l e  h e a t  is l o s t  through the  engine suppor ts  s i n c e  the  incoming 
p rope l l an t  c a r r i e s  most of t h i s  thermal leakage back i n t o  t h e  engine.  Note 
t h a t  a s i g n i f i c a n t  percentage of t h e  gas hea t ing  takes  place i n  these  suppor ts .  

This is  due t o  t h e  l a r g e  r a d i a n t  hea t  f l u x  i n  t h e  radial  

D. E l e c t r i c a l  Parameters 

The t h r u s t o r s  being a c t i v e l y  developed today a r e  gene ra l ly  e l e c t r i c a l l y  
incompatible f o r  d i r e c t  connection t o  t h e  space p m e r  sources  under develop- 
ment. R e s i s t o j e t s  appear  t o  be the  one except ion t o  t h i s  t r end .  

The R e s i s t o j e t  appears t o  the power supply as a r e s i s t a n c e  wi th  a neg l i -  
g i b l e  capaci tance ( l e s s  than  9.1 p ico fa rads ) ,  and inductance ( l e s s  than  9.31 
microhenr ies ) ,  hence under s teady  condi t ions  it can be operated d i r e c t l y  from 
e i t h e r  an  A.C. o r  D.C. cons tan t  voltage power supply without  t h e  need for 
power adap ta t ion  devices .  Only the  s t a r t i n g  c h a r a c t e r i s t i c  r equ i r e s  s p e c i a l  
cons idera t ion ,  s ince the  hot  r e s i s t a n c e  i s  about  e i g h t  t i n e s  t h e  cold Value. 

The present  s t u d y  r equ i r e s  R e s i s t o j e t  compa t ib i l i t y  wi th  a solar c e l l  
power s u p p l y ,  ConsistinG of ser ies-connected c e l l s  which a r e  considered t o  
y i e ld  a maximum continuous vol tage up t o  56 v o l t s .  
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The concent r ic  tube hea t  exchanger a l lows l a t i t u d e  i n  t h e  s e l e c t i o n  of 
ope ra t ing  vol tage.  
l i f e  due t o  subl imat ion d i c t a t e  the geometry of t h e  hea t  exchanger and thus  
t h e  "nominal" design vol tage.  
meters ,  l engths ,  and number of elements);  t h e  second the  element th ickness .  
The "nominal" design e l e c t r i c a l  r e s i s t a n c e  i s  thus  prescr ibed .  Choosing t o  
decrease t h e  design vol tage from the nominal value only involves  inc reas ing  
element t h i ckness ,  a minor change. Choosing t o  increase  t h e  design vol tage  
involves  inc reas ing  t h e  e l e c t r i c a l  path length .  
number o r  length  of t he  elements. 
i nc reas ing  t h e  package envelope and i s  more d e s i r a b l e  from a h e a t  exchanger 
e f f i c i e n c y  viewpoint. 

The cons idera t ions  of  (1) hea t  t r a n s f e r  and (2)  decreased 

The f irst  s e t s  t he  su r face  a r e a  ( i .e . ,  d i a -  

T h i s  i s  done by r a i s i n g  the  
The f i r s t  gene ra l ly  does not  involve 

The ope ra t ing  vol tage of  t h e  engine a t  3 kw, a f t e r  t he  apparent  d i f f u s i o n  
bonding, s t a b i l i z e d  a t  15.4 v o l t s ,  
changer element th icknesses  and f igu re  5 f o r  t h e  temperature d i s t r i b u t i o n .  
Fo r  t h e  same s p e c i f i c  impulse of 828 seconds, a 30 kw R e s i s t o j e t  would opera te  
a t  50 v o l t s  a t  design ( r e f .  17). These may be considered t h e  "nominal" design 
vol tages .  For  systems compat ib i l i ty  purposes, t h e  t e rmina l  vo l tage  may be 
changed upward approximately f o r t y  percent  by doubling the  number of elements,  
and reduced t h i r t y  percent  by doubling element th icknesses  over  nominal. 
F igure  6 shows t h e  approximate design range. This  f a m i l y  has i d e n t i c a l  t h rus -  
t o r  performance d i f f e r i n g  only i n  e l e c t r i c a l  c h a r a c t e r i s t i c s .  

See t a b l e  I1 f o r  t he  a s soc ia t ed  h e a t  ex- 

E. Mechanical Considerat ions 

1. Seals . -  The concent r ic  tube conf igura t ion  r equ i r e s  a n  e l e c t r i c a l  
i n s u l a t o r  ' i n  its pressure  case.  For t h i s  engine,  mechanical seals w e r e  used 
t o  provide ease of disassembly f o r  development purposes. Later f l i g h t  h a r d -  
ware could be sea led  by a ceramic-to-metal bond type i n s u l a t o r .  

The l o c a t i o n  and c ross - sec t iona l  geometry of t h e  seal area is shown i n  
f i g u r e  2. Tw:, m e t a l l i c  s e a l s  a r e  necessary.  The i n s u l a t o r  shown is  made of 
Type HBR boron n i t r i d e .  The metallic s t a t i c  f a c e  seal used w a s  manufactured 
by t h e  Haskel Engineering and Supply Company, Burbank, Ca l i fo rn ia .  
t h e  HS-4 series s tandard .  This  i s  a n  Inconel-X, K-type seal which is s i lver -  
p l a t ed .  The temperature r a t i n g  of t h e  Inconel-X is 6 5 0 " ~  f o r  continuous 
s e r v i c e ,  and t h e  s i l v e r - p l a t i n g  i s  9OOOC. 
o f  i n t e r n a l  pressure  loading t o  increase the  s e a l i n g  l i p  pressure .  The s u r -  
f a c e s  of both t h e  forward molybdenum case and a f t  tungsten case were hand 
lapped t o  a mirror f i n i s h ,  8 rms, and t h e  boron-n i t r ide  mating surfaces t o  a 
smooth f i n i s h .  

It was 

The seals work on t h e  p r i n c i p l e  

The bol ted  j o i n t  is designed t o  apply a compressive load on t h e  s e a l s  
through proper  s e l e c t i o n  of materials and dimensions. 
t r i ca l  i n s u l a t o r  i s  included on t h e  t i e  b o l t s  f o r  two purposes. The f i rs t  
is t o  provide e l e c t r i c a l  separa t ion ,  and the  second is t o  be a f l e x i b l e  s p r i n g  
so as t o  unlock any poss ib l e  thermal stresses i n  the  seal members. 

A boron-n i t r ide  e l e c -  
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HS-4 s e a l s  made of s p e c i a l  mater ia l ,  Rene' 41 ,  were ordered.  These have 
a temperature  c a p a b i l i t y  of 9 2 6 " ~  and are gold-plated f o r  a p l a t i n g  tempera- 
t u re  c a p a b i l i t y  of 1910°C. 
program, b u t  w i l l  be shipped wi th  t h e  engine t o  the  L e w i s  Research Center and 
employed f o r  the  endurance t e s t .  

These s e a l s  were unavai lab le  dur ing  the  t e s t  

2. Thrus tor  Supports.- Figure 7 shows t h e  two multi-purpose t h r u s t o r  
suppor ts .  These suppor ts  serve as (a) the  p rope l l an t  feed t o  t h e  engine, 
( b )  e l e c t r i c  power t e rmina l s ,  and ( c )  engine suppor ts  wi th  minimal thermal 
leakage. 

3.  Boron-Nitride Pa r t s . -  Hot pressed boron n i t r i d e  was se l ec t ed  fo r  the  
e l e c t r i c a l  i n s u l a t o r s  on the  case b o l t s  and between t h e  fore and a f t  cases .  It 
was also used  t o  provide a support  for t h e  h e a t  exchanger. 
good s t r e n g t h  p r o p e r t i e s  a t  elevated temperatures as long  as it is not  exposed 
t o  extremely high temperatures.  

Boron n i t r i d e  has 

Type HEN boron n i t r ide  was used for t h e  h e a t  exchanger support  because of 
i t s  thermal expansion p rope r t i e s .  !type HBR w a s  used for  t h e  o t h e r  parts because 
it is less hydroscopic and t he re fo re  r e q u i r e s  no baking before use. 
has  better s t r e n g t h  p r o p e r t i e s  but a l a r g e r  thermal expansion c o e f f i c i e n t  than  HBN. 
The latter rendered it unsu i t ab le  for t h e  h e a t  exchanger support .  

Type IlBR also 



THRUSTOR ASSEMBLY LESS INSULATION 

R- 19, 950 
Neg.  6632-4 Figure  ' 
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IV. DESCRIPTION 

A. Physical  Descr ip t ion  

In  previous concent r ic  tube R e s i s t o j e t  engines ,  t he  hea t  exchanger t u b e s  
were cy l inde r s  formed from r o l l e d  tungs ten  shee t  and electron-beam welded 
a long  t h e  seams. These tubes were supported and sealed a t  both ends by boron- 
n i t r i d e  suppor ts  and e l e c t r i c a l l y  connected by corrugated s t r i p s  placed between 
t h e  concent r ic  tubes.  

Since boron n i t r i d e  has been a source of t roub le  i n  previous designs,  an  
a t t e m p t  was made t o  place it i n  a c o o l e r  environment i n  the  3 kw engine.  
ends were provided on a l t e r n a t e  tubes a t  t h e  upstream end so  t h a t  t h e  ex- 
changer needed a s e a l  at only the  dovnstream end. The ends of t h e  tube which 
res t  i n  the  BN hea t  exchanger support  were flared and lengthened t o  p lace  them 
i n  a coo le r  environment; and a l abyr in th  s e a l  is provided t o  prevent sho r t -  
c i r c u i t i n g  of t h e  gas path.  The tubes a r e  held concent r ic  and connected e l ec -  
t r i c a l l y  by small i n t e g r a l  s t r u t s  which were made p x s i b l e  by t h e  vapor 
depos i t i on  process which a l s o  provided the  domed ends and flares. 
8. 

Domed 

See f i g u r e  

F igure  9 shows the  boron n i t r i d e  hea t  exchanger seal and support  w i t h  t he  
l a r g e  s h i e l d  added as a design change t o  p r o t e c t  t h e  seal a r e a  ( t o p ) ,  and t h e  
small s h i e l d  designed t o  p r o t e c t  t h e  BN ( p a r t i a l l y  withdrawn from BN). 

A major i ty  of t h e  t h r u s t o r  parts,  wi th  the  except ion of t h e  i n s u l a t i o n ,  
o u t e r  s h e l l ,  and some nuts  and washers, a r e  shown i n  f i g u r e  10. Note t h a t  
t h e  boron-n i t r ide  p a r t  shown does no t  incorpora te  the  modi f ica t ion  mentioned 
above. 

F igure  11 shows t h e  in su la t ion  and s t a i n l e s s  s t e e l  o u t e r  s h e l l  which 
surround t h e  engine.  

B. Fab r i ca t ion  

1. Heat Exchanger.- Fabr ica t ion  of t h e  hea t  exchanger tubes and s h i e l d s  
w a s  done by vapor-deposi t ing tungsten on t h e  e x t e r i o r  of molybdenum mandrels 
(f ig.  12).  The coa t ings  were precision-ground at mating su r faces  and the  
mandrels were chemically removed, l eav ing  t h e  des i red  thin-walled elements.  

The elements were assembled wi th  in t e r f e rence  f i t s  and were d i f fus ion -  
bonded d u r i n g  t h e  t es t .  

The var ious vapor-deposition.techniques are described i n  r e fe rences  18 
Addi t iona l  development e f f o r t  was required t o  produce t h e  h e a t  ex- and 19. 

changer s u c c e s s f u l l y  u s e d  here .  
Fernando l a b o r a t o r i e s .  

This was done i n  cooperat ion wi th  t h e  San 



TUNGSTEN HEAT EXCHANGER TUBES AND SHIELDS 

R-19,  314A 
Neg .  6594-1 



BORON N ITR I DE HEAT EXCHANGER SUPPORT 
A N D  RADIATION SHIELDS 

R -  19,  949 
Neg .  6 7 3 2 - 3  
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H a r y m r d t  CORPORATION V A N  N U I S .  C A L I I O I N I A  .- 

MOLYBDENUM MANDRELS FOR VAPOR DEPOSITION 
OF TUNGSTEN HEAT EXCHANGER TUBES 

R -1 9 ,  9 7 2  
Neg. 6476-1 
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I n i t i a l l y ,  a one-piece hea t  exchanger concept was considered. This  was 
r e j e c t e d  as piece-by-piece add i t ion  of tubes was s t i l l  found necessary wi th  
a s i n g l e  e r r o r  poss ib ly  ru in ing  the whole assembly. 

Five f e a t u r e s  of the  tubes which requi red  development were: 1) uniformly 
t h i n  walls ( - 0.91 cm), 2 )  hemispherical  domed ends, 3) i n t e g r a l  struts ( f o r  
suppor t  and e l e c t r i c a l  con t inu i ty  between elements), 4 )  flared t r a n s i t i o n  
s e c t i o n ,  and 5) p r e c i s i o n  j o i n t  dimensions. All b u t  t h e  last was solved i n  
t h e  vapor-deposit ion process  i t s e l f .  
i n g  of t h e  tubes while  on t h e  mandrels. 

The last w a s  solved by prec is ion-gr ind-  

Tungsten is deposi ted on the  mandrel according t o  the  equat ion 

:dF6 + 3% - W + 6~ 

The mandrel, loca ted  i n  a c y l i n d r i c a l  chamber 1 cm l a r g e r  i n  diameter than  
t h e  p a r t ,  is s u b j e c t  t o  an  a x i a l  flow of pre-mixed tungs ten  hexafluoride and 
hydrogen f o r  15  minutes. The mandrel i s  r o t a t e d  a t  5 rpm and subjected t o  
induc t ion  hea t ing  t o  700°C. Chamber discharge pressure  is maintained a t  250 
mm Hg by pumps. 

The depos i t  tends t o  vary i n  th ickness  nea r  i nden ta t ions  and pro t rus ions .  
Th i s  requi red  some t r i a l  shapes. For b e t t e r  s t r eng th ,  male struts were f i n a l l y  
employed, r a t h e r  than  t h e  female type o r i g i n a l l y  t r i e d .  

If an  i n s u f f i c i e n t  th ickness  of tungsten is appl ied ,  a second c o a t  may 
be deposi ted on the  f irst  wi th  no adhesion problems. It was des i r ab le ,  however, 
t o  achieve t h e  requi red  th ickness  wi th  one app l i ca t ion ,  so a s l i g h t  excess  
was deposi ted and then  the  jo in ing  p a r t s  of t he  tubes were ground t o  t h e  
appropr i a t e  dimensions. I n  t h i s  operat ion it w a s  found t h a t  dimensions could 
be he ld  wi th in  one ten-thousandth of an  inch.  This  prec is ion-gr inding  made 
poss ib l e  the  s l i g h t  i n t e r f e rence  f i t s  which provided t h e  necessary pressure  
f o r  diffusion-bonding,  discussed below, without  cracking t h e  tubes .  The tubes 
were ground before  removing the  mandrels i n  o rde r  t o  g ive  a l l  poss ib l e  support  
t o  t h e  t h i n  w a l l s  dur ing  t h e  gr inding opera t ion .  

Mandrel removal w a s  done chemically wi th  a m i x t u r e  of HC1 and HNO , which 
v igorous ly  a t t a c k s  molybdenum without no t i ceab le  r e a c t i o n  wi th  tungstea. 
ho le s  w e r e  made i n  t h e  mandrels before vapor-deposit ion t o  provide a l a r g e r  
s u r f a c e  on which t h e  ac id  could work and thus  speed t h e  removal process.  

Axia l  

The choice of mandrel material is an important one s i n c e  it m u s t  match 
t h e  deposi ted tungs ten  quite c lose ly  i n  thermal  expansion c o e f f i c i e n t .  
cool ing,  a d i s s i m i l a r  material would e i t h e r  c rack  t h e  tube o r  p u l l  axay from 
it. 
The choice of 0.5% titanium-molybdenum proved very successfu l .  
however, because of t he  d i f f i c u l t y  i n  precision-machining, a d d e d  considerably 
t o  t h e  expense of engine f ab r i ca t ion .  

A f t e r  

The la t te r  would make gr inding of t h e  t u b e  on the  mandrel impossible.  
This material, 
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2.  E1ementBonding.- Because of t h e  d i f f i c u l t i e s  t h a t  would be involved 
i n  t r y i n g  t o  braze an  assembly of tubes su i tab le  f o r  high-temperature s e r v i c e ,  
t h e  R e s i s t o j e t  heat exchanger w a s  designed t o  j o i n  i ts  tubes by d i f f u s i o n -  
bonding while  i n  t h e  t es t  chamber f o r  reasons of speed and economy. This  bond 
gives a temperature c a p a b i l i t y  equal  t o  t h a t  of t he  pa ren t  metal .  
t i o n  the  tubes would be bonded e l e c t r i c a l l y  i n  a s p e c i a l  furnace  p r i o r  t o  t e s t  
t o  i n su re  immediate e l e c t r i c a l  s t a b i l i t y .  

In  produc- 

I n  an o r d i n a q  con tac t  between two metal  su r f aces ,  t he  a c t u a l  con tac t  
area i s  much smaller than  the  su r face  area i n  "apparent" con tac t .  This  i s  due 
t o  t h e  microscopic i r r e g u l a r i t i e s  i n  the  su r face  s o  t h a t ,  i n  e f f e c t ,  t he  metal 
s u r f a c e s  touch only a t  t he  high po in t s .  The forced c o n s t r i c t i o n  of c u r r e n t  
f l o w  through these small paths  is the  cause of t h e  r e s i s t a n c e  a t  a con tac t  
(ref.  2 0 ) .  

Due t o  t h e  high c u r r e n t  dens i ty  a t  the  con tac t  po in ts ,  a r e l a t i v e l y  l a r g e  
quan t i ty  of hea t  is generated i n  the  contac t  region.  
g r a d i e n t  i n  t h e  exchanger wi th  subsequent j o i n t  over-temperature causes  an  
increased pressure t o  be appl ied  by the  i n t e r f e r e n c e  f i t .  These condi t ions  of 
temperature ,  pressure and time between r e f r a c t o r y  metal  su r f aces  i n  t h e  presence 
o f  hydrogen have  produced diffusion-bonding i n  sepa ra t e  Marquardt tes ts  ( r e f .  21 ) .  

The radial  temperature 

The elements d i d  bond under t e s t  condi t ions  ( see  Sec t ion  V.B).  When the  
engine was disassembled a f t e r  t h e  tes t ,  only t h r e e  of t h e  t e n  j o i n t s  could be 
separated; the  o thers  seemed q u i t e  firm. 

3. Braze Jo in t s . -  The var ious j o i n t s  i n  the  engine suppor ts  and p rope l l an t  
feed l i n e s  caused some d i f f i c u l t y  i n i t i a l l y .  Because these  j o i n t s  had t o  be 
hydrogen-t ight  a t  a pressure  of t e n  atmospheres, b raz ing  was chosen as the  only 
technique with a good chance of success .  The o r i g i n a l  conf igura t ion  of t he  
j o i n t s  cons is ted  of molybdenum suppor ts  f o r  both t h e  forward and a f t  cases .  
Molybdenum f i t t i n g s  were in se r t ed  i n t o  t h e  suppor t  t u b e s  and s t a i n l e s s - s t e e l  
t u b e s  were inser ted  i n t o  t h e  f i t t i n g s .  The braze m a t e r i a l  chosen w a s  Caast  
Metals 62 containing 67$ manganese, 16% n icke l ,  16$ coba l t  and 1% boron. 
and 140-W sample j o i n t s  were success fu l ly  made wi th  t h e  above f i l l e r  ma te r i a l .  
The only j o i n t  i n  which the  braze m a t e r i a l  d i d  no t  c rack  w a s  t h e  Mo-Mo j o i n t  
between the  support  tube and t h e  forward case.  Analysis  showed t h a t  t he  Mo-W 
and stainless-to-molybdenum j o i n t s  cracked because t h e  d i f f e r e n c e s  i n  thermal  
expansion c o e f f i c i e n t s  allowed the  joined members ' to  p u l l  t h e  braze material 
apart on cool ing.  
t h o r i a t e d  tungsten t o  match t h e  case.  Also the  i n l e t  tube-to-support  j o i n t s  
were changed t o  provide s t a i n l e s s - s t e e l  o u t e r  members and t h e r e f o r e  compression 
of t h e  f i l l e r  m a t e r i a l  dur ing  cool ing.  The j o i n t s  were brazed aga in ,  t h i s  time 
i n  a n  i n e r t  atmosphere wi th  Coast Metals 62, and were found t o  be l eak f ree  when 
t e s t e d  wi th  a hel iua leak d e t e c t o r .  A f t e r  t he  second a f t  case was cracked during 
the  i n i t i a l  assembly a t tempt ,  it was found t h a t  a good Mo-IJ j o i n t  could be made 
using Permabraze 130, 82% gold and 16$ n icke l .  
case assembly which was subsequent ly  u s e d  f o r  t h e  25-hour t es t .  

blo-!do 

The material f o r  t h e  a f t  case  support  t7as changed t o  2% 

This  w a s  used t o  r e p a i r  t he  f i r s t  
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4. Assembly of t he  Engine.- The hea t  exchanger tubes were first 
assembled i n  p a i r s  beginning w i t h  t he  tw:, smallest tubes.  
c e r t a i n  anount of s ide - to - s ide  motion combined with a s teady  pressure .  
t h e  i n s u l a t i n g  suppor t  and nozzle s h i e l d  were posi t ioned i n  t h e  af t  case  
assembly and t h e  pairs of tubes were f i t t e d  i n t o  t h e  support .  The largest 
h e a t  exchanger tube and the  two s h i e l d s  were assenbled and f i t t e d  i n t o  t h e  
forward case.  The o t h e r  r a d i a t i o n  s h i e l d  w a s  then  a d d e d .  

This  requi red  a 
Next, 

The width of  t h e  ou t s ide  r i n g  of each k seal w a s  measured and t h e  seals 
and i n s u l a t o r  were then  posit ioned. 
t h e  boron-n i t r ide  i n s u l a t o r  were measured and recorded. The t i e  rods and 
accompanying hardware were assembled and slowly t igh tened  wi th  a torque wrench 
u n t i l  t he  gap measurements indicated t h a t  t h e  outs ide  r ings  of t h e  k s e a l s  
were bottomed. 

The gaps between each case sect ion and 

The base w a s  bo l ted  t o  the  engine and a l e a k  check made. 
was pressur ized  wi th  hydrogen at 20 p s i g  for s e v e r a l  minutes wi th  no not ice-  
a b l e  l eaks .  Thermocouples were at tached a t  t h e  poin ts  shown i n  f i g u r e  13, 
and the  i n s u l a t i o n  and o u t e r  case were then  a d d e d .  

The t h r u s t o r  

Leak checks were made under a b e l l  jar a t  chamber pressures  of 50 and 
130 p s i a  us ing  hydrogen. 
t han  0.0576 of the  a c t u a l  mass flow. 

Leak r a t e s  were less than 4 x 10-5 gram/sec or l e s s  

25 



TEMPERATURE SURVEY OF LABORATORY UNIT 

82 414 1Y3 

R - 1 9 , 0 0 4 B  

SOURCE OPERATI ON 

OC. A. THERMOCOUPLES 

0 OPTICAL PYROMETER 

S P E C I F ~ C  IMPULSE = 828 sec 

POWER = 3.05 Kw 

ENERGY BALANCE M A S S  FLOW 7.93 X 10 '2g /SK 

(NOTE TEMPERATURES IN 'C) 
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Drawing No. 

x802 1 

x8022 

X8O23-3 

X8O23-5 

X8024 

X8O25-3 

X8O25-9 

x8025-11 

x8026 - 3 

x8026 - 11 

x8026- 13 

x8027 

X8028 

x8029 

x8030 

x803 1 

x8033 

X8034 

x803 5 

x867-3,-5,-7 

~8067-9  

x8067-11 

x8067- 13 

P a r t  - 
Heat Exchanger Assembly 

Shie ld  Assembly 

Ins  u la t ing  Sup por t  

Radiat ion Shield 

Nozzle Shie ld  

Case Support 

P rope l l an t  Tube 

Adaptor 

Case Support 

Adaptor 

P rope l l an t  Tube 

I n s u l a t i n g  Spacer 

Forward C o l l a r  

A f t  C o 1 lar 

T i e  Rod 

I n s u l a t i n g  Bushing 

Thrus t  Washer 

A f t  Case 

Forward Case 

O u t e r  I n s u l a t i o n  She l l  

Outer. I n s u l a t i o n  

Forward Inner  Insu la t ion  

A f t  Inner Insu la t ion  

Materia 1 

Vapor deposi ted tungsten 

Vapor deposi ted tungsten 

Boron n i t r i d e  (type HBN) 

Tungsten s h e e t  

Tungs t e n  s h e e t  

Molybdenum, t i t an ium 

321 S t a i n l e s s  s t e e l  

321 S t a i n l e s s  s t ee l  

Tungsten, 246 t h o r i a  

321 Stainless s t e e l  

321 S t a i n l e s s  s teel  

Boron n i t r i d e  ( type HBR) 

Molybdenum, $$ t i t an ium 

Molybdenum, t i t an ium 

Molybdenum, $$ t i t an ium 

Boron n i t r i d e  

321 S t a i n l e s s  s t e e l  

Tungsten, 274 t h o r i a  

Molybdenum, t i t a n i u m  

321 S t a i n l e s s  s t e e l  

Min-K 2000 

12 lb .  d e n s i t y  Dyna-Quartz 

10 lb .  dens i ty  Dyna-Quartz 

MATERIALS SUMMARY 
TABLE 111 
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G0RH)RATION 

V. PERFORWICE 

Development t e s t i n g  of t he  concent r ic  t u b e  R e s i s t o j e t  began on 23 March 
and culminated i n  a success fu l  25-hour performance t e s t  on 2 May 1965. 
t h r u s t  simultaneously exceeded the  con t r ac t - spec i f i ed  values of s p e c i f i c  
impulse and o v e r a l l  e f f i c i e n c y  as shown i n  table  I V .  P o s t - t e s t  i n spec t ion  
showed t h e  engine t o  be i n  e x c e l l e n t  condi t ion.  

The 

Table  IV. - Performance Comparison 

E l e c t r i c  power, Pe, watts 

(1) Contract  

3 J OoO 

Spec i f i c  impulse, Isp, s e c  - -  

Spec i f i c  impulse i n  vacuum, 
I , sec  

Spvac 

To ta l  Pgwer e f f i c i ency ,  T o  9.65 

E l e c t r i c  Power "e f f i c i ency"  ,?E (9.715) 

blass flow, i, gm/sec (0.0591) 

Thrus t ,  F, gm-force (55.8) 

Thrustor  t o t a l  gas temp. , O K  (2743) 

Thrustor  chamber pressure ,  atm. (19) 

Cell  pressure,  m m - H g  -- 
Propel lant  i n l e t  basis temp. , " C  (30) 

25-hour 

Tes t  
Performance 

3 J 044 

828 

838 

0 772 

0.850 

0 0733 

b5.7 

2J417 

8-79 

0.7 

30 

The performance of t h e  R e s i s t o j e t  w a s  s teady  dur ing  t h e  t e s t  wi th  one 
a n t i c i p a t e d  exception. 
t o  tube j o i n t  bonding. 
a furnace f o r  economy reasons,  as pointed out  i n  Sec t ion  IV.B. 
summarized i n  the f i g u r e s  t h a t  fol low and d e t a i l e d  i n  t h e  ensuing t e x t .  

The e l e c t r i c a l  c h a r a c t e r i s t i c s  changed a t  18 hours d u e  
This  w a s  accomplished i n  t h e  t e s t  c e l l  r a t h e r  than  i n  

The d a t a  a r e  

(1) Values shown i n  parentheses  a r e  d e r i v e d  based on t h e  condi t ions  spec i f i ed  
by con t r ac t  a t  a p rope l l an t  i n l e t  temperature of 30°C. 
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Poin t  
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

E l e c t r i c a l  
Power 
watts 

0 

32.7 

126.8 

277 

499 

707 

946 

1178 

1603 

1785 

2008 

23 10 

2495 

Test  Date 23 A p r i l  1965 

T o t a l  
Power 
watts - 

321 

353 -7  

447.8 

598 

820 

1028 

1267 

1499 

192 4 

2 106 

2329 

263 1 

2816 

T h r u s t  
grams 

19.8 

20.2 

22.6 

26.2 

30. I. 

35.6 

38.8 

42.2 

47.4 

49.7 

51.8 

55.4 

57.6 

Measured 
Spec if i c  
Impulse 

s e c  

26 5 

270 

3 02 

350 

4 02 

476 

5 1-9 

565 

63 5 

66 5 

693 

74 1 

771 

Observed 
Overal l  

To ta l  Power 
Ef f i c i ency  

$ 

78.5 

74.3 

7393 

73.8 

71.1 

79.3 

76.4 

76.3 

75.4 

75.4 

74.2 

75.2 

75.8 

Heater 
E f f i c i ency  

4 
103 

100 

99.9 

99.8 

99.5 

99.4 

99.2 

38.7 

98.2 

97.5 

96.5 

94.5 

91.7 

Note: Hydrogen Flow - .0748 gram/sec. 

DATA SUMMARY 
TABLE V 

29 



V A N  NUVS, CALIFORNIA 
CORWRATION 

Poin t  
rm . - 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

35 

4 1  

63 

Tes t  Dates 30 A p r i l  t o  2 May 1965 

E l e c t r i c a l  T o t a l  
Power Power 
watts watts 

0 323 5 

278.5 692 

488.5 813 

760. 0 1084 

1011 

1153 

1593 

2021 

2256 

24 99 

2538 

2747 

2907 

3026 

3944 

3044 

3044 

3035 

1-335 

1477 

1917 

2345 

2 580 

2823 

2882 

3091 

3250 

3369 

3387 

3387 

3386 

3 379 

Thrust  
grams 

20.5 

26.1 

31.0 

36.2 

40.7 

42.5 

47.4 

51.7 

54.0 

Observed 
Overa l l  

Spec i f i c  Total  Power Heater 
Me as u r e  d 

Mas s 
F l D w  

gram I s  e c 

.0748 

.!I748 

.0748 

.0748 

.0748 

.!I748 

.0748 

.0748 

.0748 

5G.6 .0748 

60.5 3793 

62.6 3793 

63.4 -0793 

63.9 .0793 

64.8 3793 

65-7 -0793 

66.3 .0793 

65.6 3793 

Impulse 
s e c  

274 

349 

4 1 4  

4 84 

544 

568 

63 4 

691 

722 

757 

763 

789 

799 

806 

817 

828 

836 

827 

Ef f i c i ency  

83.6 

72.6 

75.9 

77.7 

79.9 

78.6 

75.5 

73.3 

72.7 

73.0 

77.0 

76.9 

75.0 

73.5 

75.1 

77.2 

78.6 

77.2 

Ef f i c i ency  
4 

109 

99.4 

99.1 

98.7 

98.2 

98.0 

97.4 

96.0 

95.0 

92.7 

92.4 

91.4 

91.2 

91.1 

90.4 

89.9 

83.9 

89.8 

DATA SUMMARY 
TABLE VI 
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The measurement and c a l i b r a t i o n  techniques employed i n  t e s t i n g  t h e  
R e s i s t o j e t  i n  t h e  M a r q u a r d t  Electrothermal  Laboratory are t r ea t ed  i n  Appen- 
d i x  A. 
he re  a l s o  are t h e  s i g n i f i c a n t  corrected d a t a  from t h e  runs of 23 A p r i l  and 
30 Apr i l .  
meters. 

The performance parameters are def ined i n  Appendix B. Tabulated 

Tables V and V I  summarize the  r e s u l t a n t  important ope ra t ing  para- 

A. P a r t i a l  Power Performance 

P a r t i a l  power performance data were gathered a t  cons tan t  mass f l o w  
whi le  i nc reas ing  t h e  R e s i s t o j e t  power t o  the  rated condi t ions .  The cold flow 
performance data are u s e f u l  s ince  they  show t he  unique emergency t h r u s t  capa- 
b i l i t y  when e l e c t r i c  power i s  not ava i l ab le .  
tures  (30°C) and a t  r a t ed  t h r u s t o r  chamber pressure ,  near  ra ted  t h r u s t  is 
produced a t  a s p e c i f i c  impulse of approximately 279 seconds. 

A t  t y p i c a l  spacec ra f t  tempera- 

Table V I I .  - Emergency Capabi l i ty  Compared With Design 

Emergency Design (Be f erence ) 

Gas Temperature, O K  300 2,417 

Chamber pressure ,  atm. 8.79 8.79 

Vacuum s p e c i f i c  impulse ,  sec .  270 838 

 ass flow, gm/sec. 0.19 0 0793 

Thrus t ,  gm-force 51.4 66.5 

Figure  14  shows t h e  component e f f i c i e n c i e s  measured while  br inging  t h e  
engine up t o  r a t e d  power f o r  t h e  25-hour t e s t .  A t  nea r  f u l l  power, t h e  over- 
a l l  e f f i c i ency  w a s  found t o  be g r e a t e r  than  expected, e.g., 
t o  

f low gad t o  be increased from 0.3748 t o  0.0793 gm/sec. 

- 7745, as compared - 67% predic ted  a t  825 seconds. I n  o r d e r  t o  s e t  - t h e  s p e c i f i c  impulse 

-Is = 825 seconds a t  Pe 3000 watts f o r  t he  25-hour tes t ,  t he  p rope l l an t  

Note t h a t  t h e  pressure  r a t i o  ( f i g u r e  1 4 )  ac ross  t h e  nozzle (A/A* = 1 g l : l )  
w a s  inadequate  t o  completely expand the  flow a t  lower power, e.g., P%<9,500. 
The t h r u s t o r  chamber pressure increases  and hence t h e  nozzle  pressure  increases  
w i t h  power. 
d i s s o c i a t i o n  l o s s e s  begin.  , 
however, shows t h e  nozzle  c h a r a c t e r i s t i c  t o  be f la t .  
case  t h e  P% equal led  24,OOC):l f o r  a 200:l  geometric area r a t i o .  

(1) 
Thus, nozzle  e f f i c i ency  increases  wi th  power, dropping only as 

The 33 kw R e s i s t o j e t  developed f o r  t h e  A i r  Force 
See f i g u r e  15. In  t h i s  
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B. Twenty-five Hour Tes t  

On 1 May 1965, t h e  t h r u s t o r  began opera t ion  f o r  a period of 25 hours 
a t  a power level of approximately 3000 watts and a s p e c i f i c  i m p u l s e  greater 
than  809 seconds. 
t h e  tes t  are shown i n  f i g u r e s  16 and 17. 
w a s  s e l e c t e d  as a r e p r e s e n t a t i v e  f o r  a n a l y s i s  because of t he  p a r t i c u l a r  s teady  
condi t ions  preceding it. The data shown i n  t a b l e  V I 1 1  are based upon t h i  
po in t .  The component e f f i c i e n c i e s  are compared w i t h  t h e  30 kw R e s i s t o j e t  
ope ra t ing  a t  reduced power b u t  a t  t h e  same vacuum s p e c i f i c  i m p u l s e .  

The most important performance parameters measured dur ing  
Data Poin t  35 (10.38 hours)  . 

b) 

Table V I I 1 . -  E f f i c i ency  Comparison 

(1) Power l e v e l ,  Pe 3 kw 16 IW 

Spec i f i c  impulse, I 
'P( vac) 838 838 

0.820 Overall  e f f i c i e n c y ,  T O  0.791 

rl, 
%I 

0.899 0 950 

0.863 0.877 

Heater e f f i c i e n c y ,  

Nozzle e f f i c i e n c y ,  

A/**geom. 191 200 

The s i g n i f i c a n t  po in t  i s  t h a t  t he  nozzle performance is similar. The viscous 
nozzle l o s s e s  previously a n t i c i p a t e d  from e x t r a p o l a t i o n  of t h e  T i n l i n g  d a t a  
( r e f .  l5), d i d  not m a t e r i a l i z e  i n  the  performance range here .  The p r i n c i p a l  
d i f f e rence  i n  o v e r a l l  performance is  caused by hea t  exchanger e f f i c i e n c y .  A s  
u n i t s  become smaller, they suffer a g r e a t e r  hea t  exchanger loss  pena l ty .  

1. Heat Exchanger Eff ic iency . -  The hea t  exchanger e f f i c i ency  i s  def ined 
as the  r a t i o  of the power de l ivered  t o  the  nozzle  en t rance  t o  t h e  t o t a l  suppl ied 
t o  the  hea t  exchanger. 
by means of an  energy balance employing a n  exhaust  ca lor imeter .  An equ iva len t  
b u t  more accurate  method w a s  found i n  eva lua t ing  t h e  h e a t  l eav ing  t h e  t h r u s t o r  
envelope by means of a temperature s u r v e y  (see f i g u r e  13). 

Previously,  h e a t  exchanger performance w a s  e v a l u a t e d  
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Table IX.- Heat Losses a t  0.7 mm-Hg Ambient Pressure  

Watts 

Radiat ion from forward t h r u s t  al ignment s t i n g  
3 access  hole 

3 10 Radiat ion from s t a i n l e s s - s t e e l  s h e l l  

Radiat ion from nozzle 4 

Conduction 26 

Convection n e g l i g i b l e  

Wi th  i n s u l a t i o n  replaced i n  t h e  access  hole  and seal areas, t h e  heat 
exchanger e f f i c i e n c y  would be 0.936. With  replacement of  t h i s  i n s u l a t i o n  
and incorpora t ion  of t h e  higher  temperature seals, the  maximum su r face  tempera- 
t u r e  i n  the  rear and c i r cumfe ren t i a l  su r f aces  is less than  250OC. T h i s  i s  a n  
important  cons idera t ion  f o r  spacec ra f t  designers .  

The r a d i a t i v e  p r o p e r t i e s  of the  321 s t a i n l e s s - s t e e l  s h e l l ,  namely, normal 
t o t a l  emit tance,  were taken from reference  22. 
through the i n s u l a t i o n  t o  t h e  s h e l l  w a s  a l s o  ca l cu la t ed ,  and t h e  lo s ses  were 
found t o  agree  w i t h  those  above wi th in  5%. 

A s  a check, t h e  h e a t  t r a n s f e r  

2. Nozzle Performance.- One of  t h e  unexpected experimental  resul ts  w a s  
t h a t  t h e  nozzle e f f i c i e n c y  of t h e  3.0 kw R e s i s t o j e t w a s  t h e  same as t h a t  
measured on the  geometr ica l ly  similar 30 kw engine a t  the  same s p e c i f i c  impulse, 
828 seconds,  namely, -86%. 

Based on t h e  meager data available on f r i c t i o n a l  l o s s e s  due t o  low Reynolds 
numbers e f f e c t s  on small nozz les ,  a nozzle  performance of 75$ w a s  p red ic ted .  
The over-est imat ion of f r i c t i o n a l  l o s ses  compounded t h e  ca lcu la ted  o v e r a l l  loss  
s i n c e  a h igher  temperature was then estimated f o r  t h e  given s p e c i f i c  impulse 
and t h i s  i n  t u r n  caused a d d i t i o n a l  es t imated f rozen  f l o w  los ses .  

The e f f i c i e n c y  data shown i n  f i g u r e  14 f o r  p a r t i a l  power are not  s i g n i f i -  
c a n t  because of t h e  inadequate pressure r a t i o  ac ross  the  nozzle a t  r educed  power. 
A t  design condi t ions ,  t h e  appl ied  nozzle pressure r a t i o  w a s  9,530:l. 
mum pressure  r a t i o  requi red  f o r  a geometric area r a t i o  of l9l:l under f rozen  
flow condi t ions  i s  9,500:l. Therefore,  a t  design the  nozzle  w a s  completely 
f i l l e d  w i t h  supersonic  f l o w .  

The maxi- 

3. Throat S t a b i l i t y . -  The throat diameter was i n i t i a l l y  measured t o  be 
0.75 + 0.013 mm. A t  t h e  conclusion of t h e  25-hour test ,  it was c a r e f u l l y  
measured and found t o  be 0.747 - + 0.003 mm. 
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Experience w i t h  e a r l i e r  high-pressure R e s i s t o j e t s  found the  t h r o a t  
diameter  t o  c lose 8% i n  35.6 hours. 
depos i t i on  of the s u b l i m e d  tungsten a t  t h e  t h r o a t .  This  can be de tec ted  by 
a change i n  chamber pressure  f o r  t h e  same power and mass flow. The average 
s u p p l y  pressure  climbed s l i g h t l y  (9.8%). The redundant pressure  measurement, 
u s ing  a prec is ion  Heise gauge, showed no such increase  b u t  only a f l u c t u a t i o n  
of + 9.5%. 
con3i t ions .  

This  was brought about  by t h e  vapor- 

This i n d i c a t e s  t h a t  t he  t h r o a t  diameter  is s table  f o r  t hese  

The temperature measurement of t he  inne r  element and t h r o a t  w a s  a t tempted.  
See Appendix A. 
b e l i e v e d  c lose  t o  nozzle w a l l  temperature a t  t h e  t h r o a t .  

A temperature of 2120°K is repor ted  by the  pyrometer and is 

4 .  E l e c t r i c a l . -  The s t eady- s t a t e  t h r u s t o r  r e s i s t a n c e  as a func t ion  o€ 
gas temperature is shovn i n  f i g u r e  18. This  shovs t h e  r a t i o  of hot  r e s i s -  
t ance  t o  cold (Isp - 828) t o  be 
t e r i s t i c  wi th  regard t o  d i r e c t  connection t o  s o l a r  c e l l s .  S o l a r  c e l l s  tend 
towards a cons tan t -cur ren t  l i m i t ,  hence t h e  ope ra t ing  po in t  dur ing  s t a r t i n g  
is cur ren t - l imi ted  u n t i l  t h e  design vol tage is  reached. The power may thus  
be progress ive ly  appl ied  wi thout  a d d i t i o n a l  c o n t r o l s  providing t h e  s o l a r  c e l l  
c h a r a c t e r i s t i c  i s  so u t i l i z e d .  

- 7.5:l. This  is not  an  unfortunate  charac- 

5. Sea ls . -  The cold flow leakage p r i o r  t o  t h e  25-hour t e s t  w a s  of t he  

The Inconel-X 
o rde r  of 10-9 gm/sec, a n e g l i g i b l e  quant i ty .  During t h e  course of the  t e s t  
as is  shown i n  f igu re  19, the  s e a l  temperature rose  t o  790°C. 
s i l v e r - p l a t e d  s t a t i c  seals performed i n  excess  of t h e i r  design r a t i n g s  wi th  
no d i f f i c u l t y  encountered. 
of the  25-hour t e s t  p l u s  12 hours of par t ia l -power performance t e s t i n g .  In  
o rde r  t o  provide a margin of s a f e t y ,  gold-plated Rene'41 s e a l s  were ordered. 
These d i d  not  a r r i v e  i n  time f o r  t h e  25-hour t e s t ,  b u t  were i n s t a l l e d  i n  the  
engine before shipment t o  the Lewis Research Center .  

No increase  i n  leakage w a s  experienced as a r e s u l t  

6. Heat Exchanger Elements. - The tungs ten  vapor-deposited h e a t  exchanger 
elements performed outs tandingly .  No elements were destroyed i n  t e s t i n g  o r  
handl ing before  o r  subsequent t o  the  t e s t .  
occurred i n  the  f l a r e d  support  area of t h e  -15 element before  t e s t i n g .  
w a s  t r e a t e d  by d r i l l i n g  a 0.2 mm s t o p  hole .  
element w a s  success fu l ly  used i n  a l l  t e s t i n g .  

The one ins tance  of a c rack  
This 

See f i g u r e  23, bottom l e f t .  The 

The heat  exchanger used i n  the  t e s t  w a s  r e i n s t a l l e d  f o r  shipment t o  the  
Lewis Research Center. 

7. Tungsten Sublimation.-  The exchanger elements experienced Only 8 

small weight change i n  the t e s t i n g  program. 
r ep resen t s  sublimation or reduct ion  of su r face  i m p u r i t i e s .  
bonding, t h e  f i r s t  s i x  elements had t o  be weighed as a s e t .  
elements were weighed i n  assembled p a i r s .  

It i s  not  c e r t a i n  whether this 

I n i t i a l l y ,  t he  
Because Of element 
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Table X. - Heat Exchanger Weight Loss 

Weight, grams 

Elements (see t ab le  11) Before A f t e r  

-3, -5, -7, -9, -11, -12 ( i n n e r )  82.5 82.0 

-15, -17 44.9 44.8 

This  weight reduct ion  represented the  l o s s  due t o  t o t a l  t e s t i n g  of t h e  
u n i t ,  o r  25 hours above 800 seconds, 4 hours above and 22 hours below TOO 
seconds. According t o  the  subl imat ion bench t e s t s  of Howard  and Shor t  ( r e f .  
23 ) ,  t he  l o s s  f o r  the  first s i x  elements would be n e g l i g i b l e  d u e  t o  t h e  
r e l a t i v e l y  low element temperatures.  The measured l o s s  is probably d u e  t o  
the  removal of impur i t ies  from the  tube su r faces .  Because of the  small 
d i f f e r e n c e s  i n  heat exchanger weight over  t he  tes t ,  it i s  poss ib l e  t o  p red ic t  
l i f e  g r e a t l y  i n  excess of 25 hours.  

8. S tab i l i zed  Resis tance.-  A comparison of t h e  ca l cu la t ed  hea t  exchanger 
r e s i s t a n c e  wi th  t h a t  a c t u a l l y  measured before and a f t e r  bonding is  summar ized  
i n  t a b l e  X I .  

Table XI.- Heat ExchanKer Resis tance 

S p e c i f i c  Gas 
Impulse Tempe rat ure 

( O K )  

270 309 

828 2400 

R e s  is tance  ohms 
Measured _. 

Calc u la  t e d  Before A f t e r  
Bonding Bond ing 

o.oog0 0.0143 -- 
0.080 0.1041 0.0778 

The ca lcu la ted  cold r e s i s t a n c e  (excluding con tac t  r e s i s t a n c e )  f o r  t he  
a c t u a l  hea t  exchanger, the  phys ica l  c h a r a c t e r i s t i c s  of which a r e  summarized i n  
t a b l e  11, is  0.00901 ohms. The a c t u a l  r e s i s t a n c e ,  however, was 0.0143 ohms 
measured by a prec is ion  impedance br idge.  
r e s i s t a n c e  a t  the element j o i n t s .  

The d i f f e r e n c e  was t h e  con tac t  

When power was appl ied t o  the  engine,  t h e  r e s i s t a n c e  increased d u e  t o  the  
increase  i n  r e s i s t i v i t y  with temperature and t h e  inc rease  i n  contac t  resist-  
ance wi th  contac t  vol tage.  
cu r ren t  increased more r ap id ly  than  the  vol tage.  
the  r e s i s t a n c e  increased, the  cu r ren t  s t a b i l i z e d .  
b r i u m  partial-power performance. After approximately 17.4 hours a t  a s p e c i f i c  
impulse above 800 seconds,  a vol tage of 17.8 v o l t s ,  and a c u r r e n t  of 171 amps, 
t h e  bonding process suddenly acce le ra t ed  and joined most of t h e  tubes .  

A s  t he  engine w a s  taken up i n  power, a t  f i r s t  t h e  
A s  t he  temperature rose  and 

See f i g u r e  2 1  f o r  t h e  e q u i l i -  

A t  t h i s  
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p o i n t ,  t h e  hot  r e s i s t ance  of t he  engine dropped from 0.1041 t o  0.9778 ohms, 
caus ing  a corresponding change i n  vol tage and cu r ren t  f o r  t h e  same power 
Level, f i g u r e  17. Using a ca l cu la t ed  temperature d i s t r i b u t i o n ,  t he  o r i g i n a l  
ca l cu la t ed  cold r e s i s t a n c e  of 0.0090 ohms increased t o  a h o t  r e s i s t a n c e  of 
approximately 0.08 ohms, assuming no contac t  r e s i s t a n c e .  
i n d i c a t e s  t h a t  the contac t  r e s i s t a n c e  disappeared. 

This  comparison 

C. Increased Performance P o t e n t i a l  

While the  s p e c i f i c  impulse and e f f i c i e n c y  exceeded its c o n t r a c t u a l  grJals,  
t h e  maximum performance p o t e n t i a l  could not  be demonstrated dur ing  t h i s  
per iod .  
Lewis Research Center. 

It is recommended ' t ha t  t h i s  be done a f t e r  l i f e - v e r i f i c a t i o n  a t  t h e  

W i t h  t he  Rene' 41 seals (Sec t ion  III.E), seal temperature  c a p a b i l i t y  of 
9 2 6 " ~  is  possible .  
seconds is then  ind ica ted .  An o v e r a l l  e f f i c i ency  of 0.70 is conserva t ive ly  
pro jec ted  based 3n the  experimental  r e s u l t s  presented here .  A t  an  e l e c t r i c  
power of 3.0 Irw and a mass flow of 0.06 gm/sec, a t h r u s t  of 53.4 gms f o r c e  
would resu l t  a t  t h r u s t o r  chamber condi t ions  of 272Cl"K and 7.14 atmospheres. 
This  is the  same chamber temperature as o r i g i n a l l y  planned t o  meet t h e  
performance objec t ive .  A long engine l i f e  is expected. 

From f i g u r e  19, a s p e c i f i c  impulse c a p a b i l i t y  of 890 
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V I .  CONCLUSIONS & RETOI4PENDATIONS 

1. The heat t r a n s f e r  ana lys i s  and experimental  results show t h a t  
t h e  concent r ic  t u b e  hea t  exchanger concept r equ i r e s  only a small w a l l  over- 
temperature of about  6ooc above t h e  needed gas temperature.  
lm tungs ten  subl imat ion  rates allow a longer  l i f e  p o t e n t i a l  than  o t h e r  
des igns .  

The r e s u l t a n t  

2. On t h e  basis of the  successfu l  25-hour performance t e s t ,  it is  
recommended t h a t  t h e  delivered engine be t e s t e d  t o  demonstrate: 

a. extended l i f e  ( - 1000 hours)  
b. h ighe r  s p e c i f i c  impulse c a p a b i l i t y  
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APPENDIX A 

1. Laboratory Descr ip t ion  

The i n t e r i o r  of t h e  Elec t ro thermal  Laboratory is  shown i n  f i g u r e  24. 
The vacuum c e l l ,  1.2 meters i n  diameter, 2 meters long, i s  mounted on r o l l e r s  
f o r  easy access .  The t h r u s t  dynamometer i s  mounted an t h e  s t a t i o n a r y  forward 
c e l l  end. Pyrex windows are loca ted  on each s i d e  w i t h  a rear window f o r  
pyrometric measurements. The vacuum-pumping system is connected t o  t h e  c e l l  
through a n  exhaust gas ca lor imeter .  

Both t h e  r e c t i f i e r  and hydrogen tank b o t t l e  farm a r e  loca ted  ad jacen t  
t o  the laboratory.  

A. Vacuum System.- To s imulate  s u i t a b l e  vacuum condi t ions ,  t h e  Labora- 
t o r y  includes a main vacuum-pumping s t a t i o n  ad jacen t  t o  t h e  labora tory  bu i ld -  
i ng  and connected through a vacuum l i n e  t o  the  research  t h r u s t  chamber. The 
vacuum p ipe l ine  conta ins  s p e c i a l l y  se l ec t ed  bellows-type f l e x i b l e  connections 
and t h e  environmental chamber u t i l i z e s  a se ismic  mass as a base. 

A three-s tage  vacuum system is u s e d .  The f i rs t  s t a g e  c o n s i s t s  of  a Roots- 
Connersv i l le  4342 l i te rs -per -second (9200cfm) posi t ive-displacement  lobe-type,  
r o t a r y  pump, modified t o  handle hydrogen gas a t  low pressures .  A water-cooled 
heat exchanger a t  t he  i n l e t  p o r t  of t he  first stage reduces gas  temperatures ,  
t hus  maintaining t h e  e f f i c i e n c y  of t he  boos te r .  The second, o r  in te rmedia te  
s t a g e ,  c o n s i s t s  of two Stokes 615 l i te rs -per -second (1300 cfm) pos i t i ve -  
displacement lobe-type, r o t a r y  pumps connected i n  p a r a l l e l  through a manifold 
and hea t  exchanger t o  the  o u t l e t  of t h e  first stage boos ter ,  and maintaining 
a pressure  r a t i o  of 5 : l .  The t h i r d ,  o r  last s t a g e ,  u n i t  c o n s i s t s  of two 142 
l i te rs -per -second (300 cfm) mechanical pumps, each on a sepa ra t e  manifold t o  
i t s  intermediate  boos te r .  

The system is capable of evacuat ing a closed vacuum chamber w i t h  a 
volumetric displacement of a t  l e a s t  7080 l i t e r s  from atmospheric pressure  
(760 mn-?Ig t o  19'* millimeters of mercury a t  ambient temperatures w i t h i n  a 
time l i m i t  equa l  t o  o r  l e s s  t han  seven minutes. 

The sys tem w i l l  e f f e c t i v e l y  handle  between 4320 and 4720 l i t e r s  p e r  second 
of hydrogen gas a t  pressures  of 1.0 t o  1 .5  m i l l i m e t e r  of mercury i n  t h e  cham- 
ber.  
These c a p a b i l i t i e s  are based on gas temperature of 37°C; t h e  gas has  been 
cooled darn by  heat exchangers i n  t h e  system. 
vacuum system w i l l ,  over a period of time, blank ou t  approximately a t  0.5 
microns of mercury. 

This  c o n s t i t u t e s  hydrogen p rope l l an t  flows of 0.4536 grams p e r  second. 

With no-flow condi t ions ,  t h e  

The s teady  pumping c a p a b i l i t i e s  of t he  system as a func t ion  of pressure  
a r e  shown i n  f igu re  25 f o r  hydrogen, ammonia, and argon. 

B. Power Suppl ies . -  
50 k i lowa t t s  w i t h  c o n t r o l  f o r  0 t o  735 amperes a t  0 t o  75 v o l t s  D.C. ,  and 0 t o  
1100 amperes a t  0 t o  50 v o l t s  D.C. 

The power supp l i e s  used c o n s i s t  of one u n i t  r a t ed  a t  
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2. Thrust  Measurement 

It is  important t o  r e c a l l  t h a t  t h e  bas i c  ob jec t ive  is t o  determine i n  
an  earth-bound l abora to ry  the  ne t  t h r u s t  t h a t  would be produced by a n  e l e c t r i c  
t h r u s t o r  i n  f r e e  space.  "Apparent" t h r u s t s  can be introduced i n t o  e l e c t r i c a l  
propuls ion t h r u s t  neasurements from a number of e f f e c t s  i f  g r e a t  ca re  i s  not  
exerc ised .  Extraneous f o r c e s  can cause e r r o r s  due t o  g r a v i t a t i o n a l ,  i n e r t i a l ,  
aerodynamic, e l a s t i c ,  thermoelast ic  and electromagnet ic  e f f e c t s .  Dimensional 
and angu la r  e r r o r s  from thermal,  e l a s t i c  e f f e c t s ,  no t  t o  mention ca re l e s sness ,  
can cause similar inaccurac ies .  

For t h e  above reasons ,  an independent s tudy  was made of dynamometer 
systems and is  repor ted  i n  re ference  24. 
dynamometer w a s  designed f o r  t h e  R e s i s t o j e t  program t o  minimize these  e r r o r s .  

A s  a r e s u l t ,  a new type of t h r u s t  

F igure  26 is  a sect ioned isometr ic  drawing of t he  dynamometer, i l l u s t r a t i n g  
i t s  p r i n c i p l e s .  The unique f ea tu re  i s  t h e  f a c t  that t h e  t h r u s t o r  suspension 
f l o a t s .  The primary advantages are: 1) t h e  e l imina t ion  of any g rav i ty -  
induced r e s t o r i n g  f o r c e  such as t h a t  encountered w i t h  t he  simple hanging 
pendulum, and, 2 )  the  c r i t i c a l  lengths  of moment arms a r e  e a s i l y  maintained 
a t  uniform temperature by submergence i n  cooled vacuum o i l  (Dow Corning DC-704) 
wi thout  t he  p o s s i b i l i t y  of apparent t h r u s t s  caused by otherwise i n t e g r a l  cool ing  
loops. 

Figure 27 shows t h e  pivoted r a d i a l  beam, mounted ho r i zon ta l ly  wi th  t h e  
suspension pr imar i ly  supported by t w o ' f l o a t s  i n  mercury pools. The v e r t i c a l  
p i v o t  a x i s ,  c o n s i s t i n g  of l i g h t  Bendix f l e x u r e ,  pos i t i ons  t h e  suspension and 
prevents  t i l t i n g  of t h e  mount when t h r u s t  is appl ied .  The r e s u l t a n t  suspen- 
s i o n  system is not  s t i f f  and has  a n a t u r a l  frequency of 1.67 cyc le s  pe r  second. 

In add i t ion ,  a h o r i z o n t a l  pivot axis is provided i n  t h e  radial arm t o  
guide i n  a d j u s t i n g  t h e  mercury l e v e l  so  t h a t  t h e  weight i s  supported p r imar i ly  
by f l o a t a t i o n .  After  l eve l ing ,  a f i t t e d  p in  ( " v e r t i c a l  lock p in")  is i n s e r t e d  
t o  prevent  motion of  t h e  ho r i zon ta l  p ivot  s o  t h a t  t h e  same t h r u s t o r  moment arm 
is always maintained. A Statham t ransducer  is used  t o  provide t h e  t h r u s t  
measurement signal. The t ransducer ,  wi th  i ts  case c a r e f u l l y  pe r fo ra t ed ,  is 
submerged i n  t h e  vacuum o i l  t o  provide uniform temperature over  its sens ing  
element . 

The design avoids  br idging  t h e  balance w i t h  s t iff  e l e c t r i c a l  cab le s  and 
hoses.  
f o r c e s  between e l e c t r i c a l  leads a re  avoided. E l e c t r i c  power is taken aboard 
t h e  balance through e l ec t rodes  immersed i n  mercury. 
a compact f l e x i b l e  a r r a y  (0.25 inch s t a i n l e s s  l i n e )  which is equ iva len t  t o  t h e  
f l e x i b i l i t y  of a 12-foot  long to r s ion  tube.  
ducers and thermocouples are taken from t h e  balance over t h e  p ivo t  po in t .  

Also, such induced fo rces  as Bourdon-tube e f f e c t s  i n  hoses and Lorentz 

Propel lan t  i s  taken  through 

All e l e c t r i c a l  leads from t r a n s -  
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The dynamometer system,which inc ludes  a Midwestern Osci l lograph 
r e c o r d e r , i s  ca l ib ra t ed  by means of p rec i s ion  weights  suspended over  a 
c a l i b r a t i o n  pul ley employing f r i c t i o n l e s s  Bendix p ivo t s .  The t h r u s t  axis 
o f  the  t h r u s t o r  is a l igned  wi th  t h e  top  of t h e  pu l ley  t o  in su re  c o l i n e a r i t y  
o f  t h e  t h r u s t  and c a l i b r a t i o n  a x i s ,  by means of a c a l i b r a t i o n  s t i n g  which 
screws i n t o  the  back of t h e  t h r u s t o r .  

Figure 28 shows t h e  resul ts  of t h e  c a l i b r a t i o n  immediately preceding 
t h e  25-hour performance tes t  repor ted .  This  c a l i b r a t i o n ,  because of a 
damaged pul ley,  u s e d  a polished t e f l o n  p in  and a 0.75 pound test monofilament 
l i n e .  A s h i f t  a t  zero  t h r u s t  occurred under vacuum. 
c a l i b r a t i o n  under vacuum condi t ions  v e r i f i e d  us ing  the  c a l i b r a t i o n  based upon 
t h e  zero  reference under vacuum condi t ions .  

A "60-gram poin t"  

T h r u s t  under space vacuum condi t ions  may be found by adding t h e  u s u a l  
c o r r e c t i o n  

A F  = (nozzle  e x i t  area) x ( c e l l  p re s su re )  ( A . 1 )  

This  co r rec t ion  i s  app l i cab le  when the  nozzle "runs f u l l "  under c e l l  condi t ions .  
I n  t h e  case of the 25-hour run, t h e  a d d i t i v e  c o r r e c t i o n  t o  Isp was small, 
namely 10 seconds. It w a s  - not  included i n  t h e  d a t a  presented.  

A d e t a i l e d  performance a n a l y s i s  of t h e  dynamometer (design t h r u s t  - 450 
grams) was reported i n  re ference  25. 
(65 grams) the  probable e r r o r  i s  est imated t o  be 2%. 

Operating under the  present  t h r u s t  level  

3. P rope l l an t  Flm Measurement 

The schematic of t h e  flow measurement system u s e d  f o r  a l l  such data 
repor ted  he re in  i s  s h m n  i n  figure 23. The meter ing element w a s  a Cox r o t o -  
meter (Model l29A 0623-91). T e s c a l e ,  some 40 cm i n  l eng th ,  covered a f lm  
range of from 0.4 t o  2.6 x l C ) - b  lb /sec.  The measurement of f l o w  i n  such 
meters  is density-dependent,  hence t h e  hydrogen pressure  and temperature were 
c a r e f u l l y  regulated.  
c o n t r o l  v a l v e ,  maintained a pressure  of 300 p s i a ,  as observed on a Heise 
gauge. 
a thermosta t ica l ly- regula ted  water ba th .  

A Grove hand-loader,  followed by a micrometer needle 

The temperature w a s  maintained a t  30°C by passing t h e  gas flow through 

The Cox flowmeter was c a l i b r a t e d  i n  two ways; first,  by a volumetric 
"prover" on air  and C02 a t  the  same Iieynolds number as a t  tes t  condi t ions .  
This  was done at F i s h e r  and P o r t e r  (Anaheim, C a l i f o r n i a ) .  
t i o n  was done i n  our  labora tory  on hydrogen us ing  t h e  buoyant f o r c e  measure- 
ment technique with a meteorological  bal loon.  

The second c a l i b r a -  
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The buoyant f3 rce  method is  based 
t h e  r e l a t i o n  between t h e  buoyant f o r c e  
me t e r o o l 3 g i c a l  bal loon are re l a t ed  

P 

L J 

where V is  t h e  volume of t h e  hydrogen, 

upon Archimedes I p r i n c i p l e ,  namely, 
and the  mass of t h e  hydrogen i n  t h e  

(A.2) 

p- and p, are t h e  d e n s i t i e s  of t h e  
. 11 - . .  

surrounding air  and the  hydrogen, r e spec t ive ly .  
found from Equation A.3 ,  

The mass flow may then  be 

During t h e  f l a w  meter c a l i b r a t i o n ,  t h e  p rope l lan t  w a s  passed through t h e  
a c t u a l  f l a w  system and then  d iver ted  t o  t h e  bal loon a t  engine en t rance .  The 
p r e c i s i o n  balance upon which t h e  ba l loon  is held by weights  is first over- 
balanced. Next, t he  flow is  s e t  and allowed t o  become steady.  A s  t h e  p o i n t e r  
swings through t h e  balance poin t ,  a s t o p  watch is s t a r t e d .  A p r e c i s i o n  weight 
is added  t o  t h e  pan and t h e  time measured u n t i l  t h e  balance aga in  swings 
through zero.  This  measurement then r ep resen t s  t h e  time, 
buoyant f o r c e ,  F, t o  change by the amount of t h e  p rec i s ion  weight added t o  
t h e  pan. 
g e n e r a l l y  assumes t h a t  t he  temperature and the  pressure of t h e  gases i n s i d e  
and ou t s ide  t h e  ba l loon  are equal.  These assumptions were checked and found 
n o t  necessa r i ly  c o r r e c t .  The buoyancy of t h e  bal loon,  at no flow, was checked 
f o r  a per iod of 10 minutes, wi th  n e g l i g i b l e  change i n d i c a t i n g  no leakage o r  
thermal  changes. The pressure  i n s i d e  t h e  meteorological  ba l loon  re la t ive  t o  
a i r  was measured by a p rec i s ion  d r a f t  gauge and found t o  be 9 cent imeters  of 
water. This  amounted t o  a co r rec t ion  of 1 percent .  The bal loon s t i f f n e s s  
then  was a f a c t o r .  

At ,  f o r  t h e  

The method This measure repeated wi th in  9.3% maximum e r r o r .  

The rotometer  w a s  ca l ib ra t ed  p r i o r  t o  the  25-hour performance t e s t .  The 

The flow meter w a s  
method agreed w i t h i n  0.6% of a p r io r  c a l i b r a t i o n  by F i s h e r  and P o r t e r ,  using 
a i r  a t  t h e  same Reynolds number i n  t h e  volumetric prover.  
r u n  a t  a d ischarge  pressure  of 300 p s i a .  

The use of c a l i b r a t e d  c r i t i c a l  o r i f i c e s  w a s  attempted as a secondary 
measurement, b u t  found t o  give se r ious  d r i f t i n g  problems because of t h e  small 
s i z e  requi red  f o r  t he  o r i f i c e .  A wel l -designed,  c r i t i c a l l y - o p e r a t e d  ven tu r i  
employing a 0.010-in. diameter t h roa t  was found t o  change performance i n  a 
matter of hours.  With o r i f i c e  devices,  g r e a t  care  must  be taken t o  keep t h e  
p r o p e l l a n t  system c l ean  and t o  f i l t e r  t h e  incouing gas properly.  No secondary 
flow measurements were taken aside from us ing  the  t h r u s t o r  nozzle t h r o a t  as an  
approximate check. 

. 
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4. Power Measurements 

The e l e c t r i c  i npu t  power can be r e l i a b l y  measured i n  a R e s i s t o j e t  by 
a s t e a d y - s t a t e  type vol tmeter  and ammeter. Unlike a r c  j e t  engines ,  resis- 
tance heated rockets  are very s teady  and can be measured q u i t e  accurately 
by h igh-qual i ty ,  p rec i s ion  D'Arsonval movements. S i m i l a r l y ,  t h e  meter move- 
ments are no t  s u b j e c t e d  t o  high-frequency feedback s i g n a l s  p o t e n t i a l l y  
a l t e r i n g  t h e i r  accuracy. Because of t h e  importance of t h i s  measurement and 
the  ease  w i t h  which it can be made, two sepa ra t e  sets of data were observed 
dur ing  t h e  t e s t .  The maximum dev ia t ion  between the  two sets was 0.75% when 
t h e  c a l i b r a t i o n  co r rec t ions  t o  both meter sets were appl ied .  

The measurements of i n i t i a l  gas power con t r ibu t ion  are based upon the  
temperature of t h e  hydrogen a t  engine i n l e t .  The r e s u l t i n g  en tha lpy  v a l u e s  
a r e  from King, re ference  26. 

5 .  Pyrometer Measurements 

An a t tempt  was made t o  measure t h e  temperature of t he  inne r  hea t  ex- 
changer element by looking i n t o  t h e  nozzle  t h r o a t  w i t h  a n  o p t i c a l  pyrometer. 
The pyrometer could not be mounted s o  as t o  provide a d i r e c t  v i e w  i n t o  t h e  
nozzle ,  s o  a mirror  was mounted as c l o s e l y  as poss ib l e  t o  the  hydrogen j e t  
e x i t i n g  t h e  nozzle. 
nozzle end of the engine,  The v i e w e r  s igh ted  p a s t  t h e  engine t o  t h e  mi r ro r  
which r e f l e c t e d  the image of t h e  nozzle .  

The pyrometer was mounted ou t s ide  the  c e l l  a t  t he  a n t i -  

A c a l i b r a t i o n  w a s  made by p l ac ing  a lamp a t  t h e  nozzle  l o c a t i o n  and 
measuring temperature v s .  lamp cu r ren t .  The lamp was moved ou t s ide  t h e  c e l l  
a t  a d i s t ance  from the  pyrometer equal  t o  t h e  sum of t h e  previous pyrometer- 
to -mir ror  and mirror- to-nozzle  d i s t ances .  The temperature v s .  lamp c u r r e n t  
w a s  aga in  measured and a window-mirror c o r r e c t i o n  curve p l o t t e d .  The t a r g e t  
was taken t o  be a holrum w i t h  an  emis s iv i ty  of .95 and a c o r r e c t i o n  was made 
f o r  t h i s .  

Temperatures measured i n  t h i s  way covered a span of approximately 2100°K 
a t  the  t e s t  condi t ion.  
same po in t s .  

Calculated gas temperatures  were above 2400'K a t  t h e  

There i s  a p o s s i b i l i t y  t h a t  t h e  nozzle t h r o a t  temperature and not  t h e  
i nne r  element temperature w a s  being measured. 
p laces  the  f o c a l  po in t  of the  pyrometer i n  doubt. 
were being measured, a new choice of emis s iv i ty  would have t o  be made. 
would greatly inf luence the  cor rec ted  temperature.  

The small s i ze  of t h e  nozzle 
If the  t h r o a t  temperature 

This  



Maryuardf CORHRATION V A N  NUYS, CALIFORNIA 

! 

. 

APPENDIX B 

Performance Def in i t ions  And Data(') 

1. Energy E f f i c i e n c i e s . -  It is important t o  note  t h a t  t h e r e  a r e  two 
e f f i c i ency  d e f i n i t i o n s  c u r r e n t l y  i n  use i n  e l ec t ro - the rma l  propuls ion work. 
Care m u s t  be exerc ised  i n  making comparisons between t h r u s t o r  r e s u l t s  from 
d i f f e r e n t  sources  and p a r t i c u l a r l y  experimental  resul ts  wi th  t h e o r e t i c a l  
ana lyses .  A valuable  c r i t e r i o n  f o r  de f in ing  an  e f f i c i e n c y  f o r  any process  
i s  t h a t  it be un i ty  when the  process is p e r f e c t .  

The o v e r a l l  t o t a l  power e f f i c i e n c y  To (Eq.B2) used i n  t h i s  r e p o r t  i s  based 
upon charging the  t h r u s t o r  wi th  all t h e  power suppl ied  t o  it, namely p rope l l an t  
gas power (Eq.B3), as w e l l  as the  e l e c t r i c  (Eq.Bb). 
To i s  equiva len t  t o  t h a t  v i r t u a l l y  always used  i n  t h e o r e t i c a l  a n a l y s i s .  

The energy e f f i c i e n c y  

(2)  E f f e c t i v e  Kine t ic  Power i n  t h e  Jet 

70 = T o t a l  Input Power 

P = 6 hi  (4.187) 
Qi 

3 1 

P e -  E I (EqB 4 1 
The second o r  overall  e l e c t r i c  power " e f f i c i e n c y " 7 0 ,  * (Eq.B5) cons iders  

charg ing  t h e  t h r u s t o r  only wi th  t h e  e l e c t r i c  puwer suppl ied .  
e s t a b l i s h e d  by p a r a l l e l i s m  wi th  eva lua t ing  propulsors  which a c c e l e r a t e  t h e  p r o p e l l a n t  
s t r i c t l y  by e l e c t r i c a l  or magnetic fo rces ,  e.g., i o n i c  engines ,  e t c .  

Its use became 

* 
The 7 ,  values can be s i g n i f i c a n t l y  h igher  than  To, fo r  the  same e l e c t r o -  

thermal  engine d a t a ,  p a r t i c u l a r l y  at t h e  lower s p e c i f i c  impulse v a l u e s .  
under cold f l o w  condi t ions  (Pe .I 0),  7 is  i n f i n i t e .  

In  f a c t ,  

fo r  u n i t s  used. 
energy is being evaluated through momentum cons ide ra t ion  

which is  not  p r e c i s e l y  c o r r e c t  ( ref ,  27). 
a g iven  energy expendi ture  i s  the  objec t ive ,  t h i s  d e f i n i t i o n  is not  ob jec t ionable .  

However, s i n c e  the  t h r u s t  produced by 
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As a numerical example of t h e  two e f f i c i e n c i e s ,  cons ider  t h e  engine data 
f o r  Po in t  35, R u n  of 1 M a y  1365: 

p = 3044 watts 

1;! = 0.0793 gm/sec 
e 

F = 65.7 gm 

Tpropel lan t  30" C 

Pprope 1 Ian t = 8.79 atm., 

g iv ing  

To= 0.77 but yz = 0.86 

2. S p e c i f i c  Impulse. - 

The observed s p e c i f i c  impulse is defined: 

a 

(Eq.B6) measured t h r u s t  - - F - 
I s p  - measured mass flow r i  

The vacuum s p e c i f i c  impulse may be es t imated  i f  the nozzle  is running " f u l l "  
as : 

Appl ica t ion  of t h i s  c o r r e c t i o n  gives f o r  Po in t  35, f o r  i l l u s t r a t i o n ,  an  
I = 838 seconds. The r e s u l t a n t  e f f i c i e n c y i s  
sp( vac) 
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I -  

Mass Test  Engine Hvdroaen 

Outer S h e l l  Temp., "c Engine Case Temp., "C 
Thrirs t o r  Flow Chnmber Chamber i n l e t  

min t  Voltage C u r r  8 1  'Thrus t  grams/ P r e s s u r e  P r e 8 ~ ~ 1 - e  Temp 
NO. v o l t s  amps ,raIDs sec rmu-Hg p s i a  'K' T1 T2 T3 T4 T> T6 '' 1'7 T7 T8 T9 T 1 ~  T1l T12 T13 T14 T15 

1 

2 

3 

4 

5 

6 

7 

8 

9 

i n  

I1 

I2 

1 3  

0 

.8f! 

1.57 

2.39 

3.59 

4.65 

5.95 

7.31 

9.85 

10.93 

12.30 

13.72 

15.30 

o 19.8 .n 

37.2 20.2 

80.7 22.6 

115.7 26.2 

139.0 30.1 

152.0 35.6 

159.0 38.6 

161.0 42.2 

162.5 47.4 

163.0 49.7 

1(!3.0 51.8 

I /  . I  55.4 

163.0 57.6 ,0748 .61 

40.5 

42 .O 

46.2 

52.8 

63.3 

72 .O 

79.9 

R8.3 

97.5 

101.7 

106.4 

112.0 

116.0 i 

28 27 27 27 26 26 22 

28 28 28 28 28 28 27 

29 28 29 2R 30 25) 46 

27 27 32 27 37 32 72 

29 31 38 28 48 39 114 

31 32 43 28 59 47 156 

33 34 51 28 74 56 203 

44 44 64 37 109 75 268 

50 51 76 37 139 83 357 

63 62 88 45 169 98 416 

78 72 101 52 211 116 497 

96 82 116 57 301 130 568 

142 107 146 68 322 153 683 

26 26 26 26 26 26 26 26 26 

78 29 29 29 29 29 29 29 29 

44 44 44 44 43 43 43 43 46 

66 66 66 6h 61 &I 59 h2 68 

106 106 102 99 92 92 91 96 107 

151 153 149 143 131 127 124 129 143 

203 206 201 195 177 1'71 168 172 189 

295 297 288 276 249 238 234 233 253 

441 443 423 403 353 328 318 316 333 

539 541 521 493 431 398 383 373 392 

676 679 656 617 536 489 471 448 471 

817 826 799 744 633 568 544 510 538 

loo6 1009 966 905 773 694 6h4 663 652 

Corrected Data From Pest Run of 2 3  April 1965 

Tabie XI4 
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Poin t  
No. 

1 

4 

3 
4 

5 
6 
7 
8 

9 
10 

11 

12 

13 
1 4  
1 5  
16 
17  
18 
19 
20 
21 

22 

23 
24 

25 
26 
27 
28 

29 
30 
31 
32 
33 
34 

- 

O u t e r  S h e l l  Temp., "C Engine Case TemtJ., ' y  Mass T e s t  Engine Hydrogen 

m-0 T h r u s t o r  Flow Chamber Chamber I n l e t  
Voltage Currfmt 'Thrust grams/ P r e s s u r e  P r e s s u r e  Temp. 
v o l t s  amps grams s e c  mm-Hg psi a "K T1 T2 T3 T4 T5 T6 T13 *14 T15 T18 

0 

2 .4  

3.5 
5.0 

6.5 
1.4 
'? .8 

12 .JI 

13.8 
15.1 
15.2 
16.25 
17.0 
17.6 
17.8 
17.7 
17.8 
17.8 
17.8 

17.8 
1 i . 8  

1 ( . t i  

11.8 
17.8 

17.8 

17.8 
17.8 
17.8 
17.8 
17.8 
17.8 
17.8 
17.8 
17.8 

0 20.5 

116.0 26.1 

139.5 31.0 
152.0 36.2 
156.5 40.7 
1.56.0 42 .5  

162.5 47.4 
163.0 51.7 

165.5 56.6 

169.0 62.6 

172.0 63.9 
171.0 64.8 

171.0 a . 8  

171.0 65.1 
171.0 65.0 

163.5 54.0 

l6'i.O 60.5 

171.0 63.4 

171.0 64.8 

171.0 64.9 

171.0 A . 9  
1'71.0 65.1 
171.0 65.1 
1'7i.0 65 .1  
1'71.0 65.3 
171.0 65.3 
171.0 65.5 
171.0 65.6 
171.0 65.3 
1'11 .o 65.7 
171.0 65.7 
1'11.0 65.8 
171.0 65:r 
l '(l.0 65.7 

.o 3 

.0'793 

.95 

.80 

.P 

.67 

.63 

.62 

.62 

.62 

* 65 
.a 
.69 

.69 
* 70 

70 
* 70 
70 

.7O 

.TO 

70 
.69 
.a 
.68 

* 69 
69 

* 70 
70 

* 70 
.7O 

.7O 

.70 

* 70 
.7O 
* 70 
.70 

42.0 
53.2 
63.3 
73.6 
83.5 
87.5 
99.3 

106.5 
110 .8 
114.6 
121.5 

123.6 
126.0 

128.7 

129.1 

129.1 
129.1 
128.7 

128.7 
128.7 
129.1 
129.1 
129.1 
129.1 

129.1 
129.1 
129.1 
129.1 
129.1 

127.3 

129.4 

128.7 

128.7 

129.1 

27 27 27 
26 26 28 
28 28 34 

33 33 54 

28 28 42 

48 45 61 
49 46 60 
74 65 81 
99 74 98 

137 89 117 
154 102 132 
173 111 141 
184 123 146 
206 128 158 
215 133 167 
221 139 172 
231 147 212 

251 151 207 

234 157 214 

241 154 211 
225 145 209 
222 1 5 1  206 
233 151 206 
233 151 206 
233 151 206 
233 151 206 
231 1 5 1  204 
226 145 208 
233 1 5 1  206 
234 153 207 
232 151 206 
232 152 207 
232 153 207 
211 1 5 1  205 

27 27 27 
27 29 28 
26 43 37 
26 56 46 
26 81 58 
26 94 67 
43 132 77 
54 206 113 
65 260 129 

80 321 160 

96 358 178 
96 385 181 

77 309 150 

84 338 164 

100 398 186 
102 405 189 

76 414 193 
84 412 203 
81 412 200 
84 417 201 

75 408 192 
81 405 198 
81 497 197 

82 409 196 
83 411 197 

81 408 197 
80 407 196 
78 417 200 

83 413 198 
83 414 199 
82 413 199 
83 416 199 
82 413 199 
82 413 197 

27 27 27 
47 52 29 
83 93 104 

122 134 152 
188 198 217 
216 225 245 
321 317 335 
488 471 482 
587 544 566 

677 633 652 

767 709 n8 
799 739 753 
811 754 769 
817 762 776 
823 778 784 
822 776 784 
827 792 788 

818 764 777 
814 769 777 
816 771 778 
828 775 787 
820 775 781 
817 773 780 
820 767 778 
828 773 783 

676 62'7 644 

723 667 684 

836 789 797 

828 775 781 
824 778 783 
827 773 777 
830 717 782 
821 7r7 719 
819 '174 777 

C O R R E C T E D  D A T A  F R O M  T E S T  R U N  O F  3 0  A P R I L  1 9 6 5  

Tab!.. X, ' i  
6 h 
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' : % r u s t o r  Flow Chamber Chamber I n l e t  O u t e r  S h e l l  Temp.,  'C E n g i n e  Case  Temp., "C 
I4ass Tes t  E n g i n e  Hydrogen  

P o i n t  VolI.nr,- Current T h r u s t  g rams /  P r e s s u r e  P r e s s u r e  Temp. (m-01 
No. volt,:; :Imps grams scc mm-Hg psia "K T1 T2 T3 T4 T5 T6 T13 T14 T15 T18 

35 
36 
37 
38 
39 
40 
41 
42 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 

L.i.8 
17.8 
17.8 
17.8 

17.8 
17.8 

17.8 

17.8 
17.8 
11.8 
1-1.8 
17.8 

17.8 
17.8 

17.8 
14.1 
15 *3 
15.45 
15.4 
15.4 
15.4 
15.4 
15.4 
15.4 
15.3 
15 a 3  
15 2 5  
15.25 

15.2 
15-25 

12.7 
9.55 
5.4 
0 

I (1 .o 
I / ]  .o 
1-71 .o 
171 .o 
171.0 
171.0 
171 .O 

170.5 
171 .O 

171 .o 
171 .o 
171 .O 

171 .O 

170.0 

170.5 
187.0 
198 .o 
196.5 
197 * 5 
197.5 
197.5 
197.5 
198.0 
198 .o 

198.0 
197.5 

198.7 
198.7 
199.0 
199.5 
183 .o 
179.0 
166.0 
0 

6 5 ~  
65 :i 

65.8 
65.8 
65.8 
66.3 
65.7 

65.8 

65.7 
65.8 
65.8 

65.7 
65 .O 

65 a 3  
63 a 3  
64.5 
h4.7 
65.8 

65.8 

65.8 
65.4 
64.7 
65.1 
65.6 
64.9 

65.3 
65.2 

65.0 

65.6 
64.5 
61.1 
55.7 
45.5 
21.5 

.7O 

.70 

.7O 

.70 
* 70 
.7O 
.70 
.70 
* 70 
.69 
.69 
.68 
.68 
.68 
.68 
.68 
* 69 
.69 
.69 
.69 
.69 
.69 
.f59 
.69 
.68 
.68 
.68 
.67 
.67 

.67 

.67 

.67 

.7O 
* 90 

129.1 
129.1 
129.1 
129.1 
129.1 
129.1 
131 .o 

129.1 
129.1 
129 .I 
130 .o 
130 .o 

129.1 

129.1 

129.1 

125.7 
127.8 
129.1 
130.5 
130.5 
130.5 
129 .i 
130 .o 
130.0 

130.0 
130 .o 
130.0 
129.6 

129.1 
130.4 

121 .o 
110.0 

87.9 
44.4 
41 .O 

237 148 
233 150 

232 151 
232 152 

232 150 

219 149 

220 149 
220 149 
223 145 
219 151 
233 161 
233 151 
220 151 
228 151 

228 147 
213 147 
206 142 
217 140 
213 145 
215 147 
214 148 
217 142 
224 151 
213 148 
212 148 
211 146 
213 139 
219 147 
209 146 

203 144 
155 133 
108 102 
36 37 

208 146 

204 
177 
177 
177 
176 
188 
174 
174 
178 
173 
201 

189 
198 
203 
200 

192 
188 
197 
195 
197 
197 
198 
197 
196 
195 
194 
196 
194 
193 
194 
186 
166 
122 

37 

82 
113 
113 
112 

113 
102 
111 

114 
10'7 
116 
101 

101 

a9 
86 
86 
92 
81 
84 
89 
90 
84 
84 
90 
89 
89 
89 
84 
89 
89 
89 
93 
78 
56 
33 

414 193 824 
418 193 832 
416 199 821 
416 199 821 
416 199 827 
416 199 826 
416 198 819 
418 199 817 
420 193 826 
418 197 828 
422 203 827 
417 197 826 
421 193 826 
414 198 822 
414 1.97 817 
410 197 787 
378 la6 782 
418 191 819 
384 197 813 
413 198 817 
417 192 816 
416 192 815 
414 197 814 
414 197 819 
411 197 813 
409 196 806 
411 191 806 
412 196 814 
407 194 806 
406 194 797 
399 193 773 
294 173 524 
159 122 253 
32 32 31 

771 
779 
774 
778 
774 
772 
776 
777 
773 
774 
773 
772 
773 
769 
773 
751 
72 5 
769 
762 
766 
764 
763 
769 
768 
762 
762 
753 
763 
'756 
756 
73 6 
528 
2 70 
31 

782 
78 5 
788 
779 
777 
777 
777 
783 
780 
778 
781 
789 
789 
773 
776 
759 
724 
7-77 
772 
775 
773 
772 
775 
776 
770 
766 
762 
772 
764 
761 
74 7 
553 
289 
31 

69 0 0 20.8 .0748 .90 303 36 37 37 33 32 32 31 31 31 ---- 

C O R R E C T E D  D A T A  F R O M  T E S T  R U N  OF 3 0  A P R I L  1 9 6 5  

Table Xlll (csnt'd) 
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TKE D E S I G N  AND PERFORMANCE OF A 

3 KM CONCENTRIC TUBE RESISTOJET 

by 

E. J. Page and 3. A. Short  

ABSTRACT 

3MY 
A 3 kw concentr ic  tube r e s i s t o j e t ,  us ing  hydrogen as a p rope l l an t ,  

was designed f o r  opera t ion  from s o l a r  c e l l  power supp l i e s .  
exchanger of unique geometry made poss ib le  by the  tungs ten  vapor-deposi t ion 
process permitted cool ope ra t ion  and hence longer  l i f e  for t h e  boron 
n i t r i d e  i n s u l a t o r s .  
impulse of 828 seconds w a s  measured a t  an o v e r a l l  total  power e f f i c i e n c y  
of 0.77, us ing  a p rec i s ion  t h r u s t  dynamometer. Stagnation chamber 
condi t ions  of 8.8 atmospheres and 2 4 1 7 O K  were measured. 
expectancy and r e l i a b i l i t y  are apparent  features of t h e  design. 

A h e a t  

In  8 25-hour performance t e s t  i n  a vacuum, a s p e c i f i c  

High l i fe -  
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